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Abstract: 3-Phenylcoumarins are a family of heterocyclic molecules that are widely used in both
organic and medicinal chemistry. In this overview, research on this scaffold, since 2010, is included
and discussed, focusing on aspects related to its natural origin, synthetic procedures and
pharmacological applications. This review paper is based on the most relevant literature related to
the role of 3-phenylcoumarins in the design of new drug candidates. The references presented in
this review have been collected from multiple electronic databases, including SciFinder, Pubmed
and Mendeley.
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1. Introduction

3-Phenylcoumarins have been used by several research groups in the search for new
chemical entities with potential in the discovery of new therapeutic solutions for several
diseases. The versatility and chemical properties of this scaffold have been attracting the
attention of researchers all over the world. Different molecular spots that may be
modified, with different reactivities, allow for a huge number of different derivatives with
different properties. This scaffold can be considered an isostere of the isoflavone in which
the carbonyl group is translated from position 4 to position 2 on the pyran ring (Figure 1).
Isoflavones are produced almost exclusively by the members of the bean family Fabaceae
(Leguminosae). It can also be considered a coumarin-resveratrol hybrid. Resveratrol
(3,5,4-trihydroxy-trans-stilbene) is a stilbenoid, a type of natural phenol, and a
phytoalexin produced by several plants (Figure 1). The stilbenoids share most of their
biosynthetic pathway with chalcones.
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Figure 1. Coumarin, trans-resveratrol, 3-phenylcoumarin and isoflavone chemical structures.
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Coumarins, the basic structure of 3-phenylcoumarins, are a group of substances of
natural or synthetic origin that are highly studied and have a great variety of
pharmacological interests. In addition, a connection of 3-phenylcoumarins can also be
established (although it is more from a structural or steric point of view) with steroid
hormones, especially with estrogens, due to the aromatization of the A ring. For these
reasons, 3-phenylcoumarins (Figure 1) are considered a privileged scaffold in medicinal
chemistry. In fact, our research group is one of those that for many years has been
studying this structure, preparing and evaluating analogues and derivatives of this
chemical framework.

The current review is only focused on the 3-phenylcoumarins, without considering
their analogues with associated rings or isosters. An extensive overview of the scientific
literature since 2010 has been prepared, mainly focusing on aspects related to their natural
origin, synthetic procedures and pharmacological applications. Only very brief references
to their physicochemical properties or their application as fluorescence probes, a field in
which references are quite abundant, have been included.

2. Presence of 3-Phenylcoumarins in Nature

The naturally-occurring 3-phenylcoumarins that have been published in the past
decade are listed in Table 1. Mucodianin A was isolated from the vine stems of Mucuna
birdwoodiana [1]. The 3-(4-ethynylphenyl)-4-formylcoumarin has been isolated from a
methanol extract of the red ants of ChangBai Mountain, Tetramorium sp. [2]. Pterosonin F
was isolated from the heartwood of Pterocarpus soyauxii [3]. Sphenostylisin A was isolated
from the root bark of Sphenostylis marginata using a bioactivity-guided isolation approach.
It is worth highlighting that this compound is a potent NF-«B (nuclear factor kappa-light-
chain-enhancer of activated B cells) inhibitor, displaying different physiological functions.
This compound is also overexpressed in some cancer cells [4]. 2'4'-Dinitro-3-
phenylcoumarin was isolated from Rhizophora mucronata [5]. Selaginolide A was found in
Selaginella rolandi-principis [6]. Glycycoumarin and licorylcoumarin (Figure 2) are two 3-
phenylcoumarins previously isolated from Glycyrrhiza uralensis or glabra (Licorice), on
which there are several studies in the past decade [7,8].

Table 1. Naturally-occurring 3-phenylcoumarins identified in the past decade.
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Figure 2. Chemical structures of glycycoumarin and licoarylcoumarin.

3. Synthesis of the 3-Phenylcoumarin Scaffold

There are multiple options for the synthesis of differently substituted coumarins. In
particular, for the synthesis of 3-phenylcoumarins, three main methodologies have been
used in the past decade: coumarin coupling with the benzene ring, construction of the
coumarin bicyclic system and construction of the benzene ring at position 3. Papers
including these reactions were analyzed, and the most relevant studies are described in
the sub-sections bellow.

3.1. Coumarin Coupling with the Benzene Ring

Direct coupling of the benzene ring on the coumarin, at position 3, is one of the most
common approaches to preparing 3-arylcoumarins (Figure 3). Different conditions, in
particular different catalysts, have been used in the past decade. The information on these
reactions is detailed in the next sub-sections, separated by the starting materials employed
to achieve the final molecules.
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Figure 3. One of the synthetic routes to obtain 3-phenylcoumarins: coumarin coupling with the
benzene ring.

3.1.1. Without Prior Activation of the Coumarin and the Aryl

A regioselective a-arylation of coumarins can occur through an oxidative C-H/C-H
cross-coupling between inactivated simple arenes and alkenes, with palladium acetate, in
trifluoroacetic anhydride (TFAA), at 120 °C [9]. The coupling may also occur using highly
electrophilic palladium species, with palladium(Il) trifluoroacetate [Pd(TFA):] as the
catalyst, and cheap ammonium persulfate [(NH4)25:0s] as the oxidant, under air, at room-
temperature [10].

3.1.2. Using an Activated Arene

Using an iodobenzene, a particularly useful, versatile and concise synthesis of
differently substituted 3-arylcoumarins was achieved via Heck coupling reactions
between coumarins and aryliodides using tetrakis(triphenylphosphine) palladium(0)
[Pd(PPhs)s] as a catalyst [11]. This coupling reaction was also carried out on 4-
hydroxycoumarins to obtain 3-aryl-4-hydroxycoumarins using, this time,
palladium(II)acetate [Pd(OAc):] as a catalyst [12]. The synthesis of 3-arylcoumarins can be
performed regioselectively in moderate to good yields from oxidative arylation with
phenylhydrazine, using potassium permanganate (KMnO,) as an oxidant [13], or directly,
also with good yields, using potassium carbonate (K2COs) at room temperature, under
mild conditions [14]. There are examples of the synthesis of 3-arylcoumarins through a
mild and environmentally friendly Meerwein arylation, using an aryl diazonium salt
directly on the coumarin. A phenyldiazonium chloride, using cupric chloride (CuClz) as a
catalyst [15], or a tetrafluorborate, in the presence of catalytic amounts of 5,10,15,20-
tetrakis (4-diethylaminophenyl)porphyrin [16], can be used. Recently, this last diazonium
salt was used, mediated by chlorophyll as a biocatalyst, via visible light catalysis at room
temperature, with good to excellent yields [17]. It was proven that a highly regio-
controlled arylation of coumarins at C-3 was possible by using readily available
arenesulfonyl chlorides and sodium arenesulfinates, via palladium-catalyzed, under mild
reaction conditions [18]. An efficient KMnOs/AcOH-mediated dehydrogenative direct
radical arylation of coumarins with arylboronic acids, to afford 3-arylcoumarin
derivatives, has also been described. These coupling reactions occur in a moderate to good
yield, and with a wide group tolerance [19]. The arylation at the 3-position of 4-
hydroxycoumarins can be carried out in a simple and direct way, by photoinduced
reaction with aryl iodides, in yields higher than 60% [20]. Very good yields were also
obtained using a direct arylation strategy of 1,3-dicarbonyls with phenols that react at
their meta position [21].
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3.1.3. From 3-Carboxycoumarins

Efficient and practical decarboxylative cross-coupling reactions of coumarin-3-
carboxylic acids with aryl (or heteroaryl) halides (Br/I) under a bimetallic system of
palladium(II)bromide (PdBr2) [22] or chloride (PdClz) [23], and silver carbonate, have been
performed in good to excellent yields. A highly regioselective and transition-metal free
one-pot arylation of coumarins-3-carboxylic acid, in the presence of arylboronic acids, has
been achieved, employing potassium persulfate (K25:0s). The protocol consists in a
sequence of some reactions, including an arylation/decarboxylation cascade, and proceeds
properly in aqueous media with moderate to excellent yields [24].

3.1.4. From 3-Halocoumarins

Cross-coupling reactions of functionalized 3-bromocoumarins with threefold
arylating triarylbismuth reagent, in a palladium-catalyzed media to give functionalized
3-arylcoumarins in high yields, have been described. The authors described the procedure
for obtaining 3,4-diarylcoumarins [25]. This reaction also occurs in good yields for 3-
chlorocoumarins [26]. A rapid and effective synthetic route to obtain 3-phenylcoumarins
from 3-chlorocoumarin, involving a Suzuki-cross-coupling reaction, using a catalytic
complex Pd-salen and a series of different substituted boronic acids, has been described
[27]. The Suzuki-Miyaura cross-coupling of 3-chlorinated-4-alkoxycoumarins with a
range of aryl- and heteroarylboronic acids has been carried out in the presence of
Pd(OAc): and  2-(dicyclohexylphosphino)-2,6-dimethoxybiphenyl ~ (SPhos) in
environmentally friendly conditions, and yields up to 99%. Sensitive functional groups,
such as aldehydes and nitriles, were tolerated under the reaction conditions, and the
protocol was scaled-up to a gram. The demethylation of the Suzuki-Miyaura products
allowed obtaining 3-aryl-4-hydroxycoumarins. Chlorination of the coumarin framework
was achieved by using trichloroisocyanuric acid (CsClsNsOs), which has several
advantages over N-chlorosuccinimide, particularly regarding cost-effectiveness and
toxicity [28].

3.2. Construction of the Coumarin Bicyclic System

This strategy is the most commonly used to prepare 3-arylcoumarins and, of all the
different options, the most explored occurs using the corresponding o-
hydroxybenzenecarbonyls, an aldehyde (most frequent) or a ketone (Figures 4-8).
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Figure 4. One of the synthetic routes to obtain 3-phenylcoumarins: construction of the coumarin
from o-hydroxybenzenecarbonyls.
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3.2.1. From o-hydroxybenzenecarbonyls

By Reaction with Phenylacetic Acids

Many one-pot and two-step esterification—cyclization methods to obtain 3-
arylcoumarins are found in the literature. A wide variability of acids and also of o-
hydroxybenzaldehydes or o-hydroxybenzoketones can be used, as well as a large number
of acid-activating agents or coupling agents. 3-Arylcoumarins, with different substitution
patterns, have been prepared in good yields via a direct synthetic route involving a
classical Perkin reaction by condensation of appropriately substituted salicylaldehydes
with phenylacetic acids, using N,N’-dicyclohexylcarbodiimide (DCC) as the dehydrating
agent [29,30]. The activation of the acid can occur with thionyl chloride and intramolecular
cyclization in an alkaline medium, in very good yields [31]. This acid activation can be
performed using many other approaches, such as using cyanuric acid [32], always with
good yields. Different types of coupling agents can also be used, such as propane
phosphonic anhydride (T3P), a mild and low toxic coupling agent [33], or 1,4-diazabicyclo
[2.2.2]octane (DABCO) [34]. PhsP/I-EtsN-mediated reactions [35] through microwave
radiation heating have been described to be environmentally friendly, economic, easy to
purify, less contaminant (less by-products formed) and high-yield reactions [36]. Recently,
one-pot synthetic methodologies allowed obtaining diversely substituted 3-
arylcoumarins using ionic liquids (IL), wusing 1-butyl-3-methylimidazolium
hexafluorophosphate (BMIM-PF6) or 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIM-BF4) as solvent, and piperidine-appended imidazolium ionic liquid [PAIM][NTf:]
as a task-specific basic-IL [37]. Instead of using phenylacetic acids, many of the described
synthetic methodologies already started with activated acid derivatives, such as chlorides
with 1,8-diazabicyclo[5.4.0]lundec-7-ene (DBU) [38] or K:COs using ultrasound
irradiation [39], anhydrides in a modification of the Perkin reaction using activated
barium hydroxide/dimethylsulfoxide [Ba(OH):/DMSO] medium under microwave
irradiation [40] or using mixed hydrides, which allow obtaining the carboxyl group on the
benzene ring at position 3 [41]. An ultrasound-assisted one-pot acylation/cyclization
reaction between N-acylbenzotriazoles and 2-hydroxybenzaldehydes has also been
developed, in quantitative yields, for 24 examples, in a parallel synthesis [42]. The
substitution of the phenylacetic acid for the corresponding phenylacetonitrile, in the
presence of Potassium tert-butoxide (tBuOK) in dimethylformamide (DMF), was also
performed in quantitative yields for 29 examples [43].

By Reaction with Other Synthons

A straightforward procedure for the synthesis of several 3-arylcoumarins via
palladium-catalyzed carbonylation of salicylic aldehydes, carbon monoxide and benzyl
chlorides, using 1,3-bis(diphenylphosphino)propane (DPPP) as ligand and triethylamine
(NEts) as base, in dioxane, has been developed in good to excellent yields [44]. A highly
efficient palladium-catalyzed carbonylative annulation of salicylaldehydes with benzyl
chlorides, using N-formylsaccharin —a low cost, solid and easy to handle reactive—avoids
the use of the highly toxic carbon monoxide (CO) gas [45]. A series of 34 3-arylcoumarins
has been synthetized, in yields higher than 90%, via the tandem reaction of
salicylaldehyde with aryl-substituted 1,1-dibromo-1-alkene [46]. The 3-arylcoumarin
scaffold can also be efficiently obtained through an annulation reaction with terminal
alkynes and salicylaldehydes by simply switching to a rhodium catalyst [47]. A series of
24 3-arylcoumarins has been obtained in good to excellent yields by the condensation
reaction of 2-chloro-2-arylacetaldehyde with salicylaldehyde, catalyzed by N-heterocyclic
carbene [48]. Another series of 50 3-arylcoumarins has been obtained in high yields (73—
97%), mild conditions, short reaction times, simple work-up and broad scope of reactants
by an organocatalytic cascade synthetic protocol mediated by DBU or
tetramethylguanidine via condensation-ring opening-annulation between N-bocindolin-
2-ones/benzofuran-2(3H)-ones and salicylaldehydes [49]. Finally, 4-hydroxy-7-methoxy-
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3-phenylcoumarin has been prepared in 59% yield, wusing 1-(2-hydroxy-4-
methoxyphenyl)-2-phenylethanone in the presence of sodium in diethyl carbonate [50].

3.2.2. From Phenols

The carbonylative annulation of simple phenols and alkynes leads to the synthesis of
3-arylcoumarins in moderate to good yields with excellent regioselectivity and functional-
group tolerance by using iridium as a catalyst and copper as the promotor, at atmospheric
pressure (Figure 5) [51]. The carbonylation has been also carried out for the synthesis of
3-aryl-4-(arylethynyl)coumarins from 2-iodoaryl 2-arylacetates and arylacetylenes via a
Sonogashira coupling—intramolecular aldol cascade reaction, in the presence of
bis(triphenylphosphine)palladium chloride [Pd(PPhs)2(Cl):] as the catalyst [52]. 3-
Arylcoumarins have been obtained from the condensation of electron-rich arenes (phenols
or methoxyphenols) with allenes, in the presence of trifluoromethanesulfonic acid (TfOH),
in good yield. The substitution at position 4 depends on the substituent pattern of the
employed allenes. Available allenes have been employed as the three-carbon atom sources
to construct the coumarin scaffold [53]. Finally, a recent and efficient approach for the
synthesis of 3-arylcoumarins from salicylaldehydes and siloxy alkynes via a new [4 + 2]
cyclization, using triflimide (HNTf.) as a catalyst, has been carried out [54].

CO,Et

Figure 5. One of the synthetic routes to obtain 3-phenylcoumarins: construction of the coumarin
from phenols.

3.2.3. From Phenolic Esters

Nickel-catalyzed cycloaddition of o-arylcarboxybenzonitriles involves a reaction
with alkynes, in the presence of Ni(0)/P(CH2Phs)/MAD as a catalyst, to afford coumarins.
This is an intermolecular cycloaddition reaction with the cleavage of two independent C—
CN and C-CO bonds in an unusual mechanism (Figure 6A) [55]. 3-Arylcoumarins have
also been readily prepared trough an intramolecular Claisen condensation reaction of
methyl 2-(2-arylacetoxy)benzoates in the presence of cesium carbonate (Cs2COs)-acetone,
in excellent yields, and with easy workup procedures (Figure 6B) [56]. Aryl-3-
bromoacrylates can be cyclized into 3-arylcoumarins by microwave irradiation in DMF,
in the presence of K2COs, up to a 72% yield. Twenty-two examples, from which some are
3-arylcoumarins, were described (Figure 6C) [57]. Finally, 3,4-diarylcoumarins have been
synthesized through a rhodium-catalyzed annulation of aryl thiocarbamates with internal
alkynes, through C-H bond activation (Figure 6D) [58].
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Figure 6. Four of the synthetic routes to obtain 3-phenylcoumarins: construction of the coumarin
from phenolic esters and thiocarbamates. (A) Intermolecular cycloaddition reaction with the
cleavage of two independent C—-CN and C-CO bonds in an unusual mechanism. (B) Intramolecular
Claisen condensation reaction of methyl 2-(2-arylacetoxy)benzoates. (C) Microwave irradiation of
aryl-3-bromoacrylates. (D) Rhodium-catalyzed annulation of aryl thiocarbamates with internal
alkynes, through C-H bond activation.

3.2.4. From Cinnamic Acids

A variety of functionalized coumarins, including 3-arylcoumarins, have been
synthesized from substituted phenylacrylic acids (Figure 7) through a combination of
phenyliodine diacetate and iodine (PIDA/L2) as the catalyst and irradiation-promoted
oxidative C-O bond formation, in 41-92% yields [59,60]. Several trisubstituted acrylic
acids within an aryl group at the position  have been efficiently obtained via one-pot
reaction, a nickel-catalyzed arylcarboxylation of alkynes with arylmagnesium reagents
and carbon dioxide (COz, 1 atm) [60]. 3-Arylcoumarins have been also conveniently
synthesized in excellent yields by a ferric chloride (FeCls)-promoted tandem reaction
using (E)-2,3-diphenylpropenoic acids or their methyl esters [61]. Finally, an acrylonitrile
derivative has also been synthesized with pyridinium hydrochloride, in the presence of
silica gel, by using microwave irradiation [62].

Figure 7. One of the synthetic routes to obtain 3-phenylcoumarins: construction of the coumarin
from cinnamic acids.

3.2.5. From Other Aromatic Substrates

A one-pot synthesis of 3-substituted coumarins has been obtained employing a
phenyl alkyne with a methoxymethyl (MOM) protected hydroxyl group as the ancillary
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substituent; although, in the case of 3-phenylcoumarin, the yield was described to be less
than 10% (Figure 8A) [63]. Direct access to coumarins has been carried out through [4 + 2]
cycloaddition between o-quinone methides, generated by a [2 + 2] cycloaddition from
arynes, DMF and active methylene compounds (ester enolates or ketenimine anions from
arylacetic acid esters or arylacetonitriles), with yields highly dependent on the
substitutions in the aromatic ring (Figure 8B) [64]. Regioselective green synthesis of 3-
arylcoumarins has been carried out via visible-light-driven copper catalyzed aerobic
oxidative cascade cyclization of N-tosylhydrazones with terminal alkynes (Figure 8C)
[65]. The synthesis of trans-3,4-diaryldihydrocoumarins has been carried out in a regio-
and diastereoselective reaction, via metal-free [4 + 2] annulation of ynamides with o-
hydroxybenzyl alcohols. Further oxidation with 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) has given the 3,4-diarylcoumarins in good yields (Figure 8D) [66].

A)
B)
C)
D N =
) N oM T
& |
X" 0H

Figure 8. Four of the synthetic routes to obtain 3-phenylcoumarins: construction of the coumarin
from other aromatic substrates. (A) One-pot synthesis of 3-substituted coumarins employing a
phenyl alkyne with a MOM protected hydroxyl group as the ancillary substituent. (B) Direct access
to coumarins through [4 + 2] cycloaddition between o-quinone methides, generated by a [2 + 2]
cycloaddition from arynes. (C) Regioselective green synthesis of 3-arylcoumarins via visible-light-
driven copper catalyzed aerobic oxidative cascade cyclization. (D) Synthesis of trans-3,4-
diaryldihydrocoumarins in a regio- and diastereoselective reaction, via metal-free [4 + 2] annulation
of ynamides with o-hydroxybenzyl alcohols, followed by oxidation with DDQ.

3.3. Construction of the Benzene Ring at Position 3 of the Coumarin

As expected, this method is not the usually chosen for the preparation of 3-
arylcoumarins and can only be an alternative when some special modification in that
benzene ring at position 3 is of high interest (Figure 9). Therefore, only a simple and direct
approach to the synthesis of coumarin-containing highly fluorescent
asymmetric/symmetric 3,5-diaryl/heteroaryl-2,6-dicyanoaniline derivatives has been
described in the past decade. The molecules have been synthesized in good yields via
base-catalyzed three-component one-pot reaction of [2-(1-(7-(diethylamino)-3-
coumarinyl)ethylidene]malononitrile with aliphatic, aromatic/heteroaromatic aldehydes
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and malononitrile, in solvent-free medium, catalyzed by piperidine, under a microwave
irradiation method (Figure 9) [67].

NC._CN <CN

U oy L o

N 0o o
) HJLR/Ar

Figure 9. One of the synthetic routes to obtain 3-phenylcoumarins: construction of the benzene ring
at position 3 of the coumarin.

4. Modifications of the 3-Arylcoumarin Scaffold

Different reactions are found which are related to this scaffold; however, in this
section, only those for which their modification has been carried out are shown. A variety
of 2-arylbenzofurans have been prepared from 3-arylcoumarins, with yields from 26% to
84%, through a copper-catalyzed decarboxylative intramolecular CO coupling one-pot
reaction [68] (Figure 10A). A series of 3-arylcoumarins could readily undergo a
hydrolysis/decarboxylation cascade reaction in the presence of potassium hydroxide
(KOH), in ethylene glycol, to afford the desired o-hydroxystilbenes in moderate to high
yields (Figure 10A) [69]. Through a simple, green and efficient approach, the synthesis of
2-hydroxydeoxybenzoins, from the microwave-assisted alkali degradation of 3-aryl-4-
hydroxycoumarins in water, has been reported. A wide variety of cyclization reactions
can occur from this intermediate (Figure 10B) [56]. A general and efficient one-pot
methodology using highly substituted 2-naphthols has been performed, exploring the
dual nature of lithium bases, consisting of consecutive ring opening of available
coumarins with either lithium diethylamide (LiNEt:) or lithium diisopropylamide
(LiNiPr2) into Z-cinnamamides. This generates a directing group in situ and allows, by
conformational freedom, a lateral directed remote metalation for ring closure to give the
aryl-2-naphthols in good to excellent yields (Figure 10C) [70].
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Figure 10. Three different reactions for the synthesis of new molecules with modifications of the 3-
arylcoumarin scaffold. (A) Synthesis of a variety of 2-arylbenzofurans from 3-arylcoumarins,
through a copper-catalyzed decarboxylative intramolecular CO coupling one-pot reaction.
Synthesis of o-hydroxystilbenes from 3-arylcoumarins via hydrolysis/decarboxylation cascade
reaction in the presence of KOH. (B) Simple, green and efficient approach to obtain 2-
hydroxydeoxybenzoins, from the microwave-assisted alkali degradation of 3-aryl-4-
hydroxycoumarins in water. (C) Synthesis of aryl-2-naphthols via a general and efficient one-pot
methodology using highly substituted 2-naphthols, exploring the dual nature of lithium bases.

5. Pharmacological Interest of 3-Arylcoumarins

Many scientific references have appeared regarding the pharmacological interest of
3-arylcoumarins during the past decade. In this review, all the available references have
been collected and analyzed. The most relevant are included in this overview, but only
the most attractive in each area are highlighted. Because there are a large number of
different properties attributed to 3-arylcoumarins, they have been grouped into three
large groups, divided in different subgroups. Occasionally, we come across publications
that could be included in more than one group. For those, the inclusion criterion has been
based on a greater affinity towards one of the groups.

5.1. Neuroprotective Agents

This section includes the most relevant bibliographic references that cover studies on
neurodegenerative disorders, such as Alzheimer’s or Parkinson’s diseases, but also
oxidation, inflammation, cardiovascular diseases and some related enzyme inhibitors,
such as monoamine oxidases (MAO) or acetyl- and butyrylcholinesterase (AChE and
BuChE), related to the subject.
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5.1.1. Alzheimer’s Disease and AChE

Several series of simple 3-phenylcoumarins have been studied to prevent and treat
Alzheimer’s disease and its complications, showing high activity toward AChE and MAOQ,
together with antioxidant activity (Figure 11). Among a studied series of polyhydroxy 3-
phenylcoumarins, 3-(3',4"-dihydroxyphenyl)-7,8-dihydroxycoumarin (1) stands out with
ICso inhibition values 3 uM and 27 pM against AChE and MAO-B, respectively [71]. This
research group also studied a series of benzamide derivatives at the position 4, resulting
in the compound 2, the best of the series, with an AChE inhibition ICso of 0.09 uM. The
authors claim the possibility of partially modulating the AChE/BuChE selectivity by
modifying the substitution of the chloromethyl group at para position of the benzamide
group by a fluorine atom [72], showing another example of the interest of introducing a
benzamide group on the coumarin scaffold for this activity [73]. The aniline fragment at
position 3 of the coumarin has also been explored in a series of compounds with a 7-
aminoalkoxy chain, resulting in 3-(4'-(dimethylamino)phenyl)-7-(2-(piperidin-1-
yl)ethoxy)coumarin (3), the most interesting compound of those studied, showing an
excellent AChE inhibition potency (ICso =20 nM) and selectivity (ICso BuChE/AChE = 354),
quite similar to the reference drug (ICso donepezil = 6 nM; ICs0 BuChE/AChE = 365) [74].
Also, from 3-(3'-aminophenyl)coumarin (Ki = 146 uM), a non-peptidic drug-like B-
secretase 1 (BACE-1) inhibitor, the hit fragment containing the N-acylated ethane-1,2-
diamine motif has been identified as a directing probe to pick inhibitory fragments for the
S1 pocket of the aspartic protease BACE-1, leading to the most interesting compound
(compound 4, with a biphenylmethyl residue) with a Ki of 3.7 uM [75]. Separating the
amine from the benzene ring at position 3 of the 3-phenylcoumarins by a methylene group
proved to be an interesting strategy to obtain more active compounds. When this amine
is a bulky amine as a N,N-dibenzyl(N-ethyl)amine fragment, several compounds of a
studied series proved to act on three relevant targets in Alzheimer’s disease: 0-1 receptor
(01R), BACE1 and AChE. These also show potent neurogenic properties, good antioxidant
capacity and favorable central nervous system (CNS) permeability. Compound 5 must be
highlighted within the series [76]. Compounds with the same substitution at position 4/,
and a 7-aminoalkoxy chain, formed a series of products presenting multitarget interest for
the treatment of the middle stage of Alzheimer’s disease. A non-neurotoxic dual
AChE/BuCheE inhibitor, compound 6, which is also a nanomolar human AChE inhibitor,
turned out to be a significant inhibitor of A342 self-aggregation activity, being also a
promising neuroprotective agent [77]. A series of compounds with 7-aminoalkoxy-3-
phenylcoumarins, presenting simple substitutions on the phenyl at position 3, were
studied, identifying compound 7 as the most potent compound against AChE (ICso = 0.27
puM). Kinetic and molecular modelling studies proved that compound 7 works in a mixed-
type approach, and interacts concomitantly with the catalytic active site (CAS) and the
peripheral anionic site (PAS) of AChE. In addition, compound 7 blocks 3-amyloid (Ap)
self-aggregation with a ratio of 44% at 100 puM, and significantly protects rat
pheochromocytoma (PC12) cells from hydrogen peroxide (H:0:)-damage in a dose-
dependent way [78]. The 7-substitution of 3-phenylcoumarins has also been used as a
building block for a novel series of coumarin-lipoic acid conjugates, resulting in
compound 8, the most potent AChE inhibitor, showing a good inhibitory effect on Ap-
aggregation and intracellular ROS formation, as well as the ability of selective bio-metal
chelation and neuroprotection against H2O:- and AP1-42-induced cytotoxicity [79,80].
Interesting to note is the comparison between two compounds prepared in a study on
Alzheimer’s disease, being 6-substituted 3-arylcoumarins. Compounds 9 and 10, with the
substituents in the same positions, and small structural differences between them, do not
offer great differences in their activities and selectivity against cholinesterases or towards
the inhibition of self-induced Ap42-aggregation; however, they do offer important
differences in selectivity against human MAO-A and MAO-B which are worthy of further
study [81].
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Figure 11. 3-Phenylcoumarins in Alzheimer’s disease: AChE inhibitors.

5.1.2. Parkinson’s Disease and MAO-B

Several articles have been published regarding the study of the inhibitory capacity
and selectivity of different 3-phenylcoumarins on human MAOs, and their interest as
possible anti-Parkinson’s compounds (Figure 12). In many cases, simple backbone
substitutions led to excellent results against MAO-B. We may say that this is the most
promising pharmacological application of simple 3-phenylcoumarin derivatives.
Compounds with only methyl groups in different positions of the 3-phenylcoumarins
scaffold led to very interesting MAO-B inhibitors, i.e., the 6-methyl-3-(p-tolyl)coumarin
(11), with an ICso = 308 pM [82] and the 8-methyl-3-(p-tolyl)coumarin, with an ICso = 4.51
nM [83]. Additionally, most of these molecules are selective and reversible MAO-B
inhibitors. Also, compounds with methyl groups, and other additional substituents, have
shown interesting properties. For the analysis of compounds with a bromine atom on the
benzene ring of the coumarin scaffold, different compounds with other methyl groups
have been synthesized, i.e., the 8-bromo-6-methyl-3-(4'-methoxyphenyl)coumarin (12),
with an ICso of 3.23 nM. This compound presents an ICso that has half the value of
selegiline (ICs0 = 19.60 nM) and more than a 31,000-fold MAO-B selectivity index (SI)
against MAO-A [84]. Also, some molecules presenting other methoxy groups on their
structures, besides the bromine atom, ie., the 6-bromo-8-methoxy-3-(4"-
methoxyphenyl)coumarin (13), with an ICso of 1.35 nM, are even better than 8-bromo-6-
methyl-3-(4-methoxyphenyl)coumarin and selegiline [85]. Some compounds with the
bromine atom on the benzene ring at the 3’ position, i.e., the 3-(3'-bromophenyl)-6-
methylcoumarin (14) (ICso = 134 pM), proved to be the most active compounds within the
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studied series, being 140-fold more active than selegiline, and showing the highest SI
toward human MAO-B [86]. In a study on the effect of the substitution at position 6 of the
4-hydroxy-3-phenylcoumarins, it is shown that the presence of a chlorine atom improves
the inhibitory activity, as well as the selectivity, against MAO-B, compared to non-
substituted or the substituted by a methyl group [87]. These compounds are even more
active when position 4 is non-substituted, thus obtaining, i.e., the 6-chloro-3-(3'-
methoxyphenyl)coumarin (15), with an ICs of 1 nM [88]. PEGylated [poly(lactide-co-
glycolide)] PLGA nanoparticles have been described as smart delivery carriers, as well as
having been used to try to solve the suboptimal aqueous solubility of 3-arylcoumarins
[89]. The study has been carried out with the 3-(3',4’-dimethoxyphenyl)-8-
methylcoumarin (16), a potent, reversible and selective MAO-B inhibitor (ICso =28.89 nM).
The encapsulation efficacy was around 50%, leading to a final concentration of 807 uM in
the nanoformulation, which corresponds to a therapeutic concentration 27828-fold higher
than the ICso. This compound proved to show some cytotoxic effects only at 50 uM, after
48 and 72 h of exposure to human colorectal adenocarcinoma (Caco-2), human
neuroblastoma (SH-SY5Y) and human endothelial (hRCMEC/D3) cell lines. Remarkably,
no cytotoxic effects have been observed for the compound formulated in the
nanoparticles. Furthermore, the data obtained showed that this coumarin is a P-
glycoprotein substrate, displaying a lower uptake profile in intestinal and brain
endothelial cells [89]. Therefore, the encapsulation proposed by the authors seems to be
an excellent strategy to avoid the partial toxicity of the compound, and the cell expulsion
via P-glycoprotein systems. 3-(3'-Dimethylcarbamatephenyl)-6-methylcoumarin (17),
with a carbamate group at position 3', has been identified as the most potent of a studied
series of 6-methyl derivatives, with an ICso of 60 nM, and SI higher than 1664-fold [90]. 6-
Methoxy-3-(4'-(trifluoromethyl)phenyl)coumarin (18, ICso = 56 nM) has been identified as
the most potent of a wide series of derivatives with fluorine atoms on the phenyl ring at
position 3 [91]. In a study of alkynylcoumarinyl ethers, it has been found that the most
convenient position for a lateral chain is position 7 (from positions 6, 7 or 8), being the best
chain a hex-5-ynyloxy. On this structure, a methoxy group at position 3’ has been
characterized as a dual-acting inhibitor, with ICso values of less than 10 nM towards MAO-
A and MAO-B. 3-(4'-Methoxyphenyl)coumarin derivative 19 proved to combine a strong
MAO-B inhibitory activity (ICs = 3.0 nM), with a high SI for MAO-B over MAO-A (>3400-
fold) [92]. A 4-nitro derivative 20 has been identified as the most active of a small series
studied with substitutions containing oxygen atoms; however, it turned out to be non-
selective (MAO-A ICso = 6.5 uM and MAO-B ICso = 3.8 uM [93]. In a comparison between
the substitution by nitro or amino groups in the meta or para positions of the phenyl at
position 3, the substitution by amino groups proved to be more interesting [94]. A series
of multifunctional directed 3-arylcoumarin-tetracyclic tacrine derivatives has been
evaluated for the treatment of Parkinson’s disease. A number of derivatives (being
compound 21 the most active) demonstrated a significant reduction in the aggregation of
human a-synuclein, and also a significant increase in dopamine [95]. Finally, in some
cases, 3D-QSAR (quantitative structure-activity relationship) and/or molecular modelling
methods have been used to try to enhance the probability of finding new interesting
inhibitors [52,96-98]. In some cases, comparison between scaffolds, such as 3-
phenylcoumarins and 2-arylbenzofurans, has also been carried out through docking
calculations [99].
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Figure 12. 3-Phenylcoumarins in Parkinson’s disease: MAO-B inhibitors.

5.1.3. Inflammation

In a comparative study, 6,7-disubstituted compounds proved to down-modulate the
Fc-gamma (Fcy) receptor-mediated neutrophil oxidative metabolization more efficiently
than compounds disubstituted at positions 5 and 7, and hydroxylated compounds down-
modulated this function more strongly than their acetylated counterparts. The most
interesting compound turned out to be compound 22 and, even better, their 3'4'-
methylenedioxyphenyl derivative, which may be a prototype for the development of
novel immunomodulating drugs to treat immune complex-mediated inflammatory
diseases (Figure 13) [100]. A series of 34 3-phenylcoumarins has been evaluated in
lipopolysaccharide-activated mouse macrophage RAW264.7 cells. 6-Bromo-8-methoxy-3-
(3"-methoxyphenyl)coumarin (23), a dimethoxybromine derivative, exhibited nitric oxide
production inhibitory activity, with an ICso of 6.9 uM [101]. Some simple derivatives such
as the 3-(4-chlorophenyl)-8-methoxycoumarin (24) showed interesting soybean
lipoxygenase inhibitory activities due to the importance they may have in anti-
inflammatory processes [34]. Prenyloxycoumarin 25 displayed the best combined
inhibition of lipid peroxidation (100%) and soybean lipoxygenase (ICso = 37 uM) amongst
the studied series of coumarins and thiocoumarins [102]. The geranyloxy-derived
compound 26 also exhibited good soybean lipoxygenase inhibition (ICso = 10 uM) [103].
Finally, searching for anti-inflammatory activities, but also antimicrobial and antioxidant
properties, a series of 3-phenylcoumarins with a 1,2,3-triazole 1,4-disubstituted residue
attached by an ether to the position 7 of the scaffold, has been prepared. Compound 27
proved to be the most interesting pharmacological profile, with an ICs of 15.78 uM (by
the egg-albumin), slightly higher than diclofenac (ICso = 17.52 uM) [104].
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Figure 13. 3-Phenylcoumarins in inflammation.

5.1.4. Oxidation

2'- or 4-Methoxy derivatives of 4-hydroxy-3-phenylcoumarins (compound 28, Figure
14) have shown higher antioxidant capacity than 4-hydroxycoumarin, measuring their
capacity to scavenge two different radicals: 2,2-diphenyl-1-picrylhydrazyl (DPPH) and
2,2"-azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS). These molecules also display
protecting effects towards the B-carotene-linoleic acid co-oxidation enzymically induced
by lipoxygenase [105]. From a series of hydroxylated 3-phenylcoumarin derivatives
[106,107], 8-hydroxy-3-(4-hydroxyphenyl)coumarin (29, Figure 14) has been the most
interesting molecule, showing an oxygen radical absorbance capacity fluorescein (ORAC-
FL) of 13.5, capacity of scavenging hydroxyl radicals of 100%, capacity of scavenging
DPPH radicals of 65.9% and capacity of scavenging superoxide radicals of 71.5%, as well
as being a potential candidate for preventing or minimizing the free radicals’
overproduction in oxidative-stress related diseases [106]. Simple 3-phenylcoumarins (in
many cases associated with other cycles) have been identified as inhibitors of the function
of nicotinamide adenine dinucleotide phosphate (NADPH) and quinone reductase
(NQO1), with multiple cellular functions as detoxifying enzymes, as well as chaperone
proteins. These compounds proved to be even more potent and less toxic than
dicoumarol, and more efficient for inhibiting the toxicity of chemotherapeutic drug EO9
[108,109]. 4-Hydroxy-6,7-dimethyl-3-phenylcoumarin (30, Figure 14) stands out with an
ICs0 of 660 nM in the presence of bovine serum albumin (BSA) [109]. Finally, QSAR
predictive models for antioxidant activity of new coumarin derivatives have also been
described as an interesting tool in drug discovery [110].

28 29 30

Figure 14. 3-Phenylcoumarins in oxidation.

5.1.5. Cardiovascular Diseases

A series of 6-halo-3-hydroxyphenylcoumarins has been evaluated for their
vasorelaxation activity in intact rat aorta rings pre-contracted with phenylephrine, as well
as for their inhibitory effects on platelet aggregation induced by thrombin in washed
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human platelets (Figure 15). These compounds proved to relax the vascular smooth
muscle in a concentration-dependent manner. Compound 31 presents an ICso of 36.6 uM
against a concretion induced by phenylephrine. Some of the compounds showed a platelet
antiaggregatory activity that was up to 30 times higher than that shown by trans-
resveratrol, used as control, i.e., compound 32 (ICs0 = 6.41 uM) [111]. The niacin receptor
1 (GPR109a) is a receptor that inhibits lipolytic and atherogenic activity and induces
vasodilatation. A series of coumarin-dihydroquinazolinone conjugates has been
evaluated for its agonist potential, displaying, in compound 33, robust agonist action to
GPR109a with an ECso < 11 nM. Further, the efficacy of the active compound has been
corroborated by in vivo assays, showing the animals reduced body weight in a diet-
induced obese mice model. Compound 33 proved to reduce leptin in blood plasma and
total serum cholesterol [112].
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Figure 15. 3-Phenylcoumarins in cardiovascular diseases.

5.2. Chemotherapy

This section includes the most relevant bibliographic references that describe studies
on bacteria, fungi, mycobacteria, viruses, parasites and cancer, as well as all the
information somehow related to these topics.

5.2.1. Antimicrobial Agents

Traditionally, and since the development of novobiocin, an aminocoumarin
antibiotic produced by the actinomycete Streptomyces niveus, coumarins have been studied
as potential antimicrobial agents. Within this family of compounds, 3-phenylcoumarins
have aroused some interest in the last decade (Figure 16). Three novel coumarin
compounds, one of them a 3-phenyl derivative bearing an ethynyl group at position 4/,
have been isolated from a methanol extract of the red ants of ChangBai Mountain, called
Tetramorium sp. (Table 1). These new compounds exhibit significant inhibitory activity
against Gram-positive bacteria Bacillus subtilis, presenting minimum inhibitory
concentration (MIC) values of 25 pg/mL [2]. Some other compounds from a selected series
of nitro/amino derivatives (compounds 34) show antibacterial activity against another
Gram-positive bacteria, Staphylococcus aureus, comparable to the described standards
(oxolinic acid and ampicillin) [113]. Another series of 3-phenylcoumarins presented MICs
of 150 mM against S. aureus, displaying activities in nanomolar concentrations against
Gram-positive (Staphylococcus aureus, methicillin-resistant S. aureus (MRSA) and
Enterococcus faecium), when coordinated to the fac-[Re(CO)s]*. These conjugates proved to
be non-toxic in vivo, in zebrafish models, even at higher doses compared to the MIC
values. These compounds do not affect the bacterial cell membrane potential. However,
some of the most potent complexes strongly interact with DNA, indicating that this is a
possible mechanism of action [114]. A series of compounds presenting aminoalkoxy
groups at position 7 of the 3-phenylcoumarin showed significant activities against
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selective strains, i.e., Trichophyton mentagrophytes, with compound 35 being the best within
the series, presenting better activity than fluconazole (MIC = 1.56 upg/mL) [115].
Compounds with a (4-benzylpiperazin-1-yl)propoxy substitution at position 4 of 3-
phenylcoumarins (compound 36) exhibited significant antibacterial and antifungal
activity as that of standard streptomycin and itrazole, respectively [116]. Finally,
compounds with benzofuro[3,2-b]pyridine core at the position 6 of the scaffold have been
evaluated against S. aureus, B. subtilis, Escherichia coli, Salmonella typhi, Candida albicans,
Aspergillus niger and Mycobacterium tuberculosis H37Rv, and exhibited promising activities,
with compound 37 being the best compound within the series [117].
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Figure 16. 3-Phenylcoumarins as antimicrobial agents.

5.2.2. Antiviral Agents

Only one study focused on experimental data on human immunodeficiency virus
(HIV) has been found (Figure 17). Several 4-hydroxy-3-phenylcoumarins (compounds 38),
with small substitutions on the scaffold, inhibit HIV replication with ICso values <25 uM
[118]. In addition, by screening chemical libraries in the RIKEN Natural Products
Depository, coumarin-based compounds, such as 3-phenylcoumarins, have been
identified as inhibitors of the cell cycle arrest activity of viral protein R Vpr, which has
been shown to have multiple roles in HIV-1 pathogenesis. The binding of the carbamate
derivative 39 may be produced by direct binding on the hydrophobic region, close to the
Glu-25 and GIn-65 residues of the protein [119].
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Figure 17. 3-Phenylcoumarins as antiviral agents.

5.2.3. Antiparasitic Agents

Our research group published two manuscripts based on the interest of hydroxylated
3-phenylcoumarins against Trypanosoma cruzi, the parasite responsible for Chagas disease
(Figure 18). In addition, the antioxidant activities of the compounds have also been
addressed. The 4-hydroxy derivatives showed only moderate results, although very good
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antioxidant capacity, such as the 6-chloro-4-hydroxy-3-(3'-hydroxyphenyl)coumarin (40),
ORAC-FL =7.7) [120]. The most interesting profile of trypanocide has been found for 7,8-
dihydroxy-3-(2'-hydroxyphenyl)coumarin (41), presenting a moderate scavenging ability
for peroxyl radicals (ORAC-FL = 2.23) and a high degree of selectivity towards the
epimastigote stage of the parasite T. cruzi (ICso = 1.31 uM), higher than Nifurtimox (drug
currently used for the treatment of Chagas disease) [121].
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Figure 18. 3-Phenylcoumarins as antiparasitic agents.

5.2.4. Anticancer Agents

The most interesting compounds of the studied family displaying anticancer activity
are represented and grouped in three different figures: (A) simple 3-phenylcoumarins,
without the incorporation of new cycles to the scaffold (Figure 19), (B) 3-phenylcoumarins
with a benzene ring bound directly or not to the position 4 of the 3-phenylcoumarin
(Figure 20) and (C) 3-phenylcoumarin hybrids or those inspired by other already known
compounds (Figure 21).

3-Phenylcoumarins with Simple Substitutions

Simple coumarins are still the most studied compounds from this family. They are
usually found in natural extracts, they are chemically simple structures and are therefore
easy to synthetize and their simplicity allows multiple spots to include different and more
complex substitution patterns. In this context, it is interesting to highlight the remarkable
effect against KERATIN-forming (KB) tumor cells of the compound 42 (ICs0 = 5.18 uM)
[122]. In addition, coumarin 43 also presents an interesting effect on the growth of
adenocarcinomic human alveolar basal epithelial cells (A549) (LDso = 48.1 uM) and liver
cancer cells (CRL 1548) (LDso of 45.1 uM) [123]. In this same cell line, as well as human
promyelocytic leukemia cells (HL-60), compound 44 has been the most interesting of the
series with LDso of 7.5 and 5.2 uM, respectively [124]. From a series of 4-hydroxy-3-
phenylcoumarins studied in breast adenocarcinoma cells (MCF-7) and HL-60, compound
45 has been the best candidate [125]. Compound 46 proved to be an interesting candidate
against A549, a pancreatic cancer cell line (Panc-28), and human colorectal carcinoma cells
(HCT-116), with Glso values of 7.39, 25 and 19.17 uM, respectively [3]. Novel polyalkoxy-
3-(4"-methoxyphenyl)coumarin analogues, i.e., compound 47 and natural antimitotic
compounds, have been synthesized from plant allylpolyalkoxybenzenes and tested in
vivo in the phenotypic sea urchin embryo assay for antiproliferative antitubulin activity
[126]. The described 4'-amino-derivative 48 induces Hes 1 downregulation and displays
antitumor effects against HCT-116 cells [127]. A compound with a nitro group at 4’ and a
hydroxy group at C-7 and C-8 (compound 49) displayed high activity (ICs=17.65 uM) in
human liver cells (HepG2) through a ROS-independent cell death mechanism [128].
Previously, the same research group had shown that the diacetylated derivative at 7 and
8 (diacetylated compound 49) turned out to be the most interesting of a small series
studied with the nitro group at position 4’, showing in vitro cytotoxic effect on A549,
breast (MDA-MB-231) and prostate (PC3) cancer cell lines [129]. Very interesting to note
is the determination that PBQC, an oxidized form of 7-diethylamino-3-(2',5'-
dihydroxyphenyl)coumarin (50), is a new nuclear factor-erythroid 2-related factor 2 (Nrf2)
activator, which is a key factor involved in the regulation of cancer cell growth by the
expression of pro-apoptosis genes [130]. On a series of 7-hydroxy-6-methoxy-4-methyl-3-
phenylcoumarin derivatives, which have been considered non-steroidal analogues of 2-
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methoxyestradiol, the effects of specific substituents at position 4’ on the anti-angiogenesis
activities have been investigated with human umbilical vein endothelial cells (HUVECs)
proliferation assays. The most interesting compounds were the 4-hydroxy and the 4'-
bromo (compounds 51), with ICsos of 61.0 and 76.7 uM, respectively [131]. The 4'-bromo
substitution proved to be of remarkable interest against cervical cancer cells (HeLa),
showing compound 52 with an ICso of 1.8 uM [103]. Compound 53 exhibited an excellent ERat
antagonistic activity (ICso = 12 nM) and antiproliferative potency against MCE-7 cells, similar
to tamoxifen [132]. The sphenostylisin A (Figure 2) has been found to be a very potent NF-«B
inhibitor (ICs = 6 nM) with promising interest in cancer and inflammation [4].
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Figure 19. 3-Phenylcoumarins as anticancer agents: simple coumarins, without the incorporation of
new cycles to the scaffold.

53

3-Phenylcoumarins with Rings at Position 4

Novel triphenylethylene-coumarin hybrids, containing different amino side chains,
have been studied. The effect against A549 cells of the compound 54 (ICs = 5.0 uM) is
remarkable [133,134]. Some derivatives which possess two amino side chains (except
morpholinyl) at positions 4’ of one or both of the extra benzene rings, and/or at position 7
of coumarin scaffold (compounds 55), proved to be more potent than tamoxifen against
ER(+) MCF-7 and ER(-) epithelial human breast cancer (MDA-MB-231) cells, with ICso <
10 uM, and showed a broad-spectrum and good anti-proliferative activities, with an
intercalative mode of binding against five tumor cells and low cytotoxicity in osteoblast
[135,136]. Both the DNA binding properties and the anti-proliferative activities would be
enhanced by dimerization of the monomeric hybrid with one amino side chain between
the phenyl groups at position 3 of coumarin, being significantly affected by the length of
the linker [137,138]. More recently, it has been shown that the coumarin with a
piperidineethoxy chain in para position of the 4-phenyl, and the same chain at position 7,
exerts its anti-cancer effects by inhibiting endothelial cell proliferation, migration and by
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suppressing tube formation and angiogenesis induced by breast cancer cells, both in vitro
and in vivo [139]. Compound 56, with a cinnamic acid linked to an ether function to the
position 4, and a trifluormethyl group at position 4" and powerful ER down-regulation
(ICs0 = 3 nM), is the result of the pharmacomodulation of other 7-hydroxycoumarin
precursors with previously reported antitumor effects against chemically induced
mammary tumors such as selective estrogenic receptor down-regulators [26]. A series of
18 4-anilino derivatives has been designed to obtain novel selective ERat modulators, and
their antiproliferative activity has been evaluated against MCE-7 and Ishikawa cell lines,
showing, for most of the derivatives, higher activity than tamoxifen, with the best being
compound 57, with an ICso value of 4.52 uM [140]. In a 4-anilino/aryloxy comparison,
compound 58 has been the most interesting molecule of the series as a dual ERa selective
antagonist modulator/VEGFR-2 inhibitor [141]. The ERa binding affinity (ICso =2.19 mM)
occurs via suppressing the expression of progesterone receptor (PgR) mRNA in MCF-7
cells, and, in the same cells, may inhibit the activation of VEGFR-2 and subsequent
signaling transduction of the Raf-1/MAPK/ERK pathway [141]. Compounds with similar
substitutions at position 4, but with variability at position 3 of the coumarin scaffold, have
been evaluated in vitro against MCF-7, HepG2, HCT-116 and human pancreatic
carcinoma (Panc-1) cell lines by the same authors, displaying antiproliferative activities
comparable to fluouracil. However, compounds substituted by the 3-trifluoroacetyl group
at position 3 of the coumarin scaffold proved to be the best candidates [142]. The series of
compounds with aroyl substitutions, both at positions 4 and 6 of the 3-arylcoumarin
scaffold, proved to be interesting compounds. Amongst these, compounds with
substitutions at position 4, such as compound 59, exhibit the most remarkable
antiproliferative potential against both ER+ and ER- breast cancer cell lines, promoting
alkaline phosphatase activity as well as enhancing osteoblast mineralization in vitro [143].
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Figure 20. 3-Phenylcoumarins as anticancer agents: coumarins with a benzene ring bound directly
or not to position 4 of the 3-phenylcoumarin.

Hybrid 3-Phenylcoumarins

Thirteen coumarin-resveratrol hybrids (6 or 7-styryl-3-phenylcoumarins, compound
60) have been designed, synthesized and evaluated for their antitumor activities against
MCF-7, human colorectal carcinoma cells (HCT-28) and human immortalized
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myelogenous leukemia (K562) tumor cell lines. The most active compounds showed
different degrees of cell growth inhibition (ICso = 3.78-19.16 uM) [144]. A series of osthole
derivatives (an ingredient of the traditional Chinese medicine extracted from Cnidium
monnieri (L.) Cusson), bearing aryl substituents at position 3 of the coumarin, have been
prepared and evaluated for their growth inhibitory activity against human breast cancer
MCEF-7 and MDA-MB-231 cell lines. Amongst them, compound 61 has been found to be
the most potent molecule, with ICso values of 0.24 and 0.31 uM against MCF-7 and MDA-
MB-231, respectively, improving more than 100-fold the values of osthole [145].
Coumarin-monastrol hybrids (compound 62) have also been designed and synthetized,
and further evaluated against both hormone receptor (positive and negative) breast
cancers, which selectively induce apoptosis in both primary and metastatic breast cancer
cell lines [146]. Steroids 3-O-sulfamates are known as powerful steroid sulphatase (STS)
inhibitors. STX64 (667 Coumate, Irosustat), a tricyclic coumarin-based sulfamate that
irreversibly inhibits STS activity, has been selected to enter into phase I clinical trials as an
STS inhibitor for postmenopausal women with breast cancer [147]. Inspired by these data,
several series of 3-phenylcoumarin-7-O-sulphamate derivatives have been further
studied. Fluorinated-, 4-aminophenyl-N-phosphorylated- and N-thiophosphorylated-7-
O-sulphamate-3-arylcoumarins (compounds 63, 64 and 65 respectively) have been
studied by the same research group, showing more than 10 times higher inhibitory
potency than coumarin-7-O-sulfamate as inhibitors of STS. Amongst the studied
compounds, the most interesting proved to be compound 63, both displaying ICso values
of 0.27 pM [148], a similar ICs of approximately 0.20 pM for the phosphorylated
derivatives (compounds 64 and 65) [149,150]. Supported by molecular modelling
techniques, fluorinated compound 66 has been designed, synthetized and then tested,
proving to display an ICso of 0.18 uM against STS, and an ICso of 15.9 uM and 8.7 uM,
respectively, against MCF-7 and hypotriploid human cells (T47D) [151]. These values are
in the same range of tamoxifen ICs = 6.8 and 10.6 uM, respectively. 3-Phenylcoumarins
substituted by simple groups also proved to inhibit the 17-B-hydroxysteroid
dehydrogenase 1, an enzyme of the last steps of the sulfatase pathway (values between >
68% of inhibition and ICso =1 uM), and only modestly activates with 17-B-hydroxysteroid
dehydrogenase 2, which is interesting for lowering the effect of estradiol levels in vivo. In
the studied series, the substitution of the 3-phenyl ring with the 3-imidazole ring in the
coumarin scaffold assures strong and selective aromatase inhibition [152].
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Figure 21. 3-Phenylcoumarins as anticancer agents: coumarin hybrids or inspired by other already
known compounds.

5.3. Other Pharmacological Interests

In this section, all the relevant references found for those pharmacological interests
that do not fit clearly into the previous sections are included. Even so, these activities have
also been grouped in the most convenient way and subdivided into the following sub-
sections.

5.3.1. Enzymatic Inhibitors

Different enzymes and proteins involved in different physiologic pathways, and
therefore in different pathologies, have been studied. Tyrosinase catalyzes the first step of
melanogenesis, a physiological pathway involved in the formation of melanin. From the
first studied series of bromohydroxycoumarins, compound 67 (Figure 22) proved to be
the best mushroom tyrosinase inhibitor, displaying an ICso of 215 uM, being better than
umbelliferone [153]. This activity has been improved by the dihydroxybromo analogue 68
(Figure 22), with an ICso of 0.19 uM, approximately 100 times more active than kojic acid
(ICs0=17.9 uM) [154].

Xanthine oxidase is a metalloenzyme whose main function is to hydroxylate a series
of substrates, and constitutes an interesting target for the hyperuricemia and synergic
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treatment of several diseases. Among all the evaluated candidates, compound 69 (Figure
22) proved to be the best inhibitor, with an ICso of 2.13 pM, being 7-fold better than
allopurinol, the reference compound (ICso = 14.75 uM). Compound 69 proved to be non-
cytotoxic at its ICso value, as demonstrated by the viability of 99% in T3 cells [155].
Compound 70 (Figure 22) shows an ICso value of 8.4 pM [156].

Glutathione S-transferase plays an important role in detoxification by catalyzing the
conjugation of many hydrophobic and electrophilic compounds, with reduced
glutathione. A series of compounds has been evaluated, with compound 71 (Figure 22)
being the most active, which displaying an ICsoof 13.5 uM [157].

3-Hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase inhibition-lipid-lowering
is a control enzyme of the mevalonate pathway, involved in the production of cholesterol
and other isoprenoids. A series of simple 3-phenylcoumarins have been evaluated, and
compound 72 (Figure 22) displayed the highest HMG-CoA reductase inhibitory activity
in vitro (ICso = 42 pM) [158]. Also, a series of coumarin-indole hybrids have been
synthesized and evaluated in an in vitro model of the HMG-CoA reductase enzyme.
Among the hybrids, compound 73 (Figure 22) proved to be the best, as it significantly
reduced the serum and hepatic lipid profiles in an HFD-fed hyperlipidemic rat model,
being the mechanism of action associated with the regulation of HMG-CoA reductase
activity in the liver [159].

P-glycoprotein is an important protein of the cell membrane that pumps many
foreign substances out of cells. Therefore, they could be interesting, for example, in co-
administration with other drugs to increase their duration of action. A series of conjugates
bearing a 1,2,3,4-tetrahydroisoquinoline motif linked to substituted 7-hydroxy-3-
phenylcoumarin has been assayed, obtaining structure-activity relationships according to
the nature and length of the different substituents, and obtaining compound 74 (Figure
22) with an ICso of 0.22 uM in the multidrug resistance protein 1 (MDR1) [160].

Figure 22. 3-Phenylcoumarins as enzymatic inhibitors: tyrosinase (67 and 68), xanthine oxidase (69
and 70), glutathione S-transferase (71), HMG-CoA reductase (72 and 73) and P-glycoprotein (74).

5.3.2. Global Pharmacological Effects

Glycycoumarin (Figure 2), a representative coumarin compound in liquorice, as well
as an edible and medicinal plant, has long been used to treat different diseases, including
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liver diseases and hepatic disorders. A hepatoprotective effect of glycycoumarin has been
reported, with glycycoumarin being highly effective against alcoholic liver disease, non-
alcoholic fatty liver disease, acetaminophen-induced hepatotoxicity and liver cancer
through mechanisms involved in activation of the Nrf2 antioxidant system, stimulation of
AMPK-mediated energy homeostasis, induction of autophagy degradation process, and
inhibiting oncogenic kinase T-lymphokine-activated killer cell-originated protein kinase
activity [8].

A variety of 3-arylcoumarin derivatives have been screened for their antioxidant, a-
glucosidase inhibitory and advanced glycation end-products (AGEs) formation inhibitory
activities. Most of the described compounds exhibited significant antioxidant and AGEs
formation inhibitory activities, highlighting the trihydroxy derivative 75’s (Figure 23, a-
glucosidase inhibitory activity, ICso = 1.37 uM; AGE formation inhibitory activity, ICso =
2.52 uM), showing that phenyl at position 3 of the coumarin offers better results than the
phenyl at position 4. Anti-diabetic activity studies showed that some compounds are
equipotent to the drug glibenclamide in vivo [36]. Glycycoumarin (Figure 2), isolated from
the roots and rhizomes of liquorice (Glycyrrhiza uralensis), inhibited a-glucosidase
inhibitory activity, with ICso values of 0.1 uM [161]. From a medicinal plant, Selaginella
rolandi-principis, a new coumarin, selaginolide A (Table 1), has been isolated and
investigated in vitro on the 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose
(2-NBDG) uptake in 3T3-L1 adipocytes and against protein-tyrosine phosphatase 1B (PTP1B)
and a-glucosidase enzyme activities as well. This compound exhibited high potency with
inhibitory ICs values of 7.40 and 7.52 uM against PTP1B and a-glucosidase, respectively,
which makes it a potential starting point for the development of antidiabetic agents [6]. In vivo
studies against streptozotocin (STZ)-induced diabetes in rats have been performed with a
series of 3-phenylcoumarins substituted at position 7 by a complex ether chain. Several
compounds proved to have a good profile, with compound 76 (Figure 23) being the most
interesting, comparable with glibenclamide (ICso = 0.22 uM, MDR1) [162].

The dyhydroxy derivative 77 (Figure 23) turned out to be interesting as an antiallergic
[163], after a study among a series of 3-arylcoumarin that have been evaluated as
inhibitors of mast cell degranulation. This was done based on their close structural
similarity to flavonoids, whose anti-allergic activity has been extensively reported.

Adenosine receptors are involved in several physiological processes. Some
publications refer to the study of the binding activity and selectivity of this type of
compounds on adenosine receptors. Synthetic compounds have been evaluated by
radioligand binding (A1, A2a and As) and adenylyl cyclase activity (Azs) assays in order to
study their affinity for the four human AR subtypes. None of the studied compounds
showed affinity for the Azs receptor, while quite a few compounds have been found to be
nonselective ligands. Various ligands studied proved to be selective to the Asreceptor,
with compound 78 (Figure 23) being the most potent (Ki = 258 nM) [164-166].

Several compounds of this class exhibited impressive antidepressant activity,
measured in terms of duration and percentage of decrease in the immobility duration. A
low dose of 0.5 mg/kg of compound 79 (Figure 23) significantly decreased the immobility
time, exhibited greater efficacy than the fluoxetine and imipramine and did not show any
neurotoxicity in the rotarod test [167]. Compound 80 (Figure 23) showed antidepressant-
like behavior in the mouse forced swim test (FST) at low dose of 0.5 mg/kg (80%)
intraperitoneal, to a greater extent than the standard drug fluoxetine at a dose of 20 mg/kg
(70%) [168]. Compound 81 (Figure 23) showed antidepressant-like behavior in the mouse
FST at alow dose of 0.5 mg/kg (86%) intraperitoneal, to a greater extent than the standard
drug fluoxetine at a dose of 20 mg/kg (70%) [169].
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Figure 23. 3-Phenylcoumarins presenting other global pharmacological effects: anti-diabetic agents
(75 and 76), antiallergic (77), adenosine ligand (78) and antidepressants (79-81).

6. Other Interests: Fluorescent Probes

The 3-phenylcoumarins are a privileged scaffold not only for their interesting and
varied specific pharmacological activities, but also for other physicochemical properties
and, in particular, for their potential as fluorescence probes. Due to the interesting and
large number of studies that exist on this in recent years, they deserve an independent
review. In the current overview, very succinct examples have been selected which are
considered the most significant. Fluorescent biosensors have been developed to enable
imaging and monitoring of a variety of metabolites and cellular events. This can be done
by direct visualization and analysis; however, 3-phenylcoumarins also offer enormous
possibilities in biorthogonal fluorogenic reactions, which allow not only the visualization
of a fixed situation but also, in many cases, to follow the transformations throughout
complex metabolic processes [170,171]. These compounds can be useful as fluorescent
biosensors for the detection of hydroxyl radicals, and therefore can be potentially applied
in the diagnosis of oxidative stress in the human body [172], metal cations such as Fe>*
[173] or anions such as carbonate [174]. 3-Phenylcoumarins can be used to analyze and
study different biochemical compounds such as flavin [175176] or
anatomical/physiological states, such as the state of neuronal myelination [177], histamine
released by mast cells [178], access to mitochondria [179] and others, which can be
identified very directly with some metabolic problem, which in turn can be linked to a
disease or disorder. On occasion, this may allow or facilitate the study of new
pharmacological agents in oxidation/reduction processes [180], but also in more specific
processes such as estrogen receptors and breast cancer [132], bioinorganic anticancer
compounds [181], MAOs [182], etc. For these functions, they can also be associated with
other groups or molecules, as there are examples with fluorenes or xanthenes [183],
tetrazines [184], rhodamine [185] or with different polymers [186].

7. Conclusions

3-Phenylcoumarins proved to be very promising molecules, both in organic and
medicinal chemistry. Their potential has been described in this review based on more than
180 papers published in the past decade. Their chemical and physicochemical properties
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allow for a huge range of applications for this family of compounds. Six new natural
phenylcoumarins were isolated in this period, and better synthetic methods have been
applied to obtain this scaffold. Depending on their substitution patterns, the interest of
less specific biological properties such as its antioxidant capacity, as well as those more
specificc, such as interaction with enzymes and/or receptors, convert the 3-
phenylcoumarin scaffold into a privileged substructure from the pharmacological point
of view. The pharmacological fields most explored in the past decade have been
neurodegenerative disorders, especially Alzheimer’s or Parkinson’s diseases, due to
interaction with AChE and MAO-B, respectively, but also including effects on
inflammation or on the cardiovascular system, and in the field of chemotherapeutic
agents, with special attention to different types of cancer. Other pharmacological interests
have been less explored so far. Finally, the interest of 3-phenylcoumarins is growing in
chemical biology, as they are being extensively used as fluorescent probes.

Author Contributions: M.].M., E.U. and L.S. contributed equally to this review. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by Xunta de Galicia (Galician Plan of Research, Innovation and
Growth 2011-2015, Plan 12C, Grants ED481B 2014/086-0 and ED481B 2018/007), Ministerio de
Ciencia e Innovacion (PID2020-116076R]-I00/AEI/10.13039/501100011033) and Fundacdo para a
Ciéncia e Tecnologia (FCT, CEECIND/02423/2018 and UIDB/00081/2020).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References

1.

10.

11.

12.

13.

14.

Gong, T.; Wang, D.X,; Yang, Y.; Liu, P.; Chen, Y.; Yu, D.Q. A novel 3-arylcoumarin and three new 2-arylbenzofurans from
Mucuna birdwoodiana. Chem. Pharm. Bull. 2010, 58, 254-256.

Song, ZW.; Liu, P.; Yin, W.P,; Jiang, Y.L.; Ren, Y.L. Isolation and identification of antibacterial neo-compounds from the red
ants of ChangBai Mountain, Tetramorium sp. Bioorg. Med. Chem. Lett. 2012, 22, 2175-2181.

Su, Z.; Wang, P.; Yuan, W; Li, S. Flavonoids and 3-arylcoumarin from Pterocarpus soyauxii. Planta Med. 2013, 79, 487-491.

Li, J.; Pan, L.; Deng, Y.; Mufioz-Acufa, U.; Yuan, C.; Lai, H.; Chai, H.; Chagwedera, T.E.; Farnsworth, N.R.; de Blanco, E.].C.; et
al. Bioactive Modified Isoflavonoid Constituents of the Root Bark of Sphenostylis marginata ssp. erecta. J. Org. Chem. 2013, 78,
10166-10177.

Asbin, M.X,; Syed, AM.; Anuradha, V.; Moorthi, M. Identification of bioactive compounds from Rhizophora mucronata
methanolic leaf extract by GC-MS analysis. Int. . Pharm. Sci. Res. 2020, 11, 5268-5272.

Nguyen, D.T.; To, D.C; Tran, T.T.; Tran, M.H.; Nguyen, P.H. PTP1B and a-glucosidase inhibitors from Selaginella rolandi-
principis and their glucose uptake stimulation. J. Nat. Med. 2021, 75, 186-193.

El-Saber, B.G.; Beshbishy, A.M.; El-Mleeh, A.; Abdel-Daim, M.M.; Devkota, H.P. Traditional uses, bioactive chemical
constituents, and pharmacological and toxicological activities of Glycyrrhiza glabra L. (fabaceae). Biomolecules 2020, 10, 352.
Zhang, E.; Yin, S.; Zhao, S.; Zhao, C.; Yan, M,; Fan, L.; Hu, H. Protective effects of glycycoumarin on liver diseases. Phytother.
Res. 2020, 34, 1191-1197.

Jafarpour, F.; Hazrati, H.; Mohasselyazdi, N.; Khoobi, M.; Shafiee, A. Palladium catalyzed dehydrogenative arylation of
coumarins: An unexpected switch in regioselectivity. Chem. Commun. 2013, 49, 10935-10937.

She, Z.; Shi, Y.; Huang, Y.; Cheng, Y.; Song, F.; You, ]. Versatile palladium-catalyzed C-H olefination of (hetero)arenes at room
temperature. Chem. Commun. 2014, 50, 13914-13916.

Martins, S.; Branco, P.S.; de la Torre, M.C.; Sierra, M.A.; Pereira, A. New methodology for the synthesis of 3-substituted
coumarins via palladium-catalyzed site-selective cross-coupling reactions. Synlett 2010, 19, 2918-2922.

Yakushiji, F.; Haramo, M.; Miyadera, Y.; Uchiyama, C.; Takayama, K.; Hayashi, Y. Palladium-catalyzed C3-selective mono-
arylation of 4-hydroxycoumarin. Tetrahedron Lett. 2014, 55, 3316-3318.

Yuan, JW.; Li, WJ.; Yang, L.R.; Mao, P.; Xiao, Y.M. Regioselective C-3 arylation of coumarins with arylhydrazines via radical
oxidation by potassium permanganate. Zeitschrift fiir Naturforschung B 2016, 71, 1115-1123.

Chauhan, P.; Ravi, M.,; Singh, S.; Prajapati, P.; Yadav, P.P. Regioselective a-arylation of coumarins and 2-pyridones with
phenylhydrazines under transition-metal-free conditions. RSC Adv. 2016, 6, 109-118.



Molecules 2021, 26, 6755 28 of 34

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

Skripskaya, O.V.; Feilo, N.O.; Neshchadin, A.O.; Elenich, O.V.; Lytvyn, R.Z,; Obushak, N.D.; Yagodinets, P.I. Synthesis of
nitrogen heterocycles underlaid by application of 3-(4-acetylphenyl)-2H-coumarin. Russ. J. Org. Chem. 2013, 49, 1655-1660.
Masahiro, K.; Kounosuke, O.; Motomu, K. Metal-free C(3)-H arylation of coumarins promoted by catalytic amounts of
5,10,15,20-tetrakis(4-diethylaminophenyl)porphyrin. Chem. Commun. 2015, 51, 9718-9721.

Ali, M,; Farnaz, J. Chlorophyll-catalyzed photochemical regioselective coumarin C-H arylation with diazonium salts. New ].
Chem. 2020, 44, 16692-16696.

Jafarpour, F.; Barzegar Amiri Olia, M.; Hazrati, H. Highly Regioselective a-Arylation of Coumarins via Palladium-Catalyzed
C-H Activation/Desulfitative Coupling. Adv. Synth. Catal. 2013, 355, 3407-3412.

Yuan, JJW.; Yang, L.R; Yin, Q.Y.; Mao, P.; Qu, L.B. KMnOs/AcOH-mediated C3-selective direct arylation of coumarins with
arylboronic acids. RSC Adv. 2016, 6, 35936-35944.

Rodriguez, S.A.; Baumgartner, M.T. A different route to 3-aryl-4-hydroxycoumarins. Tetrahedron Lett. 2010, 51, 5322-5324.
Neha, T.; Rama, K.P. Metal-free direct C-arylation of 1,3-dicarbonyl compounds and ethyl cyanoacetate: A platform to access
diverse arrays of meta-functionalized phenols. Chem. Commun. 2018, 54, 11423-11426.

Messaoudi, S.; Brion, ].D.; Alami, M. Palladium-Catalyzed Decarboxylative Coupling of Quinolinone-3-Carboxylic Acids and
Related Heterocyclic Carboxylic Acids with (Hetero)aryl Halides. Org. Lett. 2012, 14, 1496-1499.

Jafarpour, F.; Zarei, S.; Barzegar Amiri Olia, M.; Jalalimanesh, N.; Rahiminejadan, S. Palladium-Catalyzed Decarboxylative
Cross-Coupling Reactions: A Route for Regioselective Functionalization of Coumarins. J. Org. Chem. 2013, 78, 2957-2964.
Golshani, M.; Khoobi, M.; Jalalimanesh, N.; Jafarpour, F.; Ariafard, A. A transition-metal-free fast track to flavones and 3-
arylcoumarins. Chem. Commun. 2017, 53, 10676-10679.

Rao, M.L.N.; Kumar, A. Pd-catalyzed cross-coupling study of bi-functional 3-bromo-4-trifloxycoumarins with triarylbismuth
reagents. Tetrahedron 2015, 71, 5137-5147.

Degorce, S.L.; Bailey, A.; Callis, R.; De Savi, C.; Ducray, R.; Lamont, G.; MacFaul, P.; Maudet, M.; Scott, M.; Morgentin, R.; et al.
Investigation of (E)-3-[4-(2-Oxo-3-aryl-chromen-4-yl)oxyphenyl]acrylic Acids as Oral Selective Estrogen Receptor Down-
Regulators. J. Med. Chem. 2015, 58, 3522-3533.

Matos, M.].; Vazquez-Rodriguez, S.; Santana, L.; Eugenio, E. Synthesis of 3-arylcoumarins via Suzuki-cross-coupling reactions
of 3-chlorocoumarin. Tetrahedron Lett. 2011, 52, 1225-1227.

Prendergast, A.M.; McGlacken, G.P. Regioselective Chlorination and Suzuki-Miyaura Cross-Coupling of 4-Alkoxycoumarins,
4-Alkoxy-2-pyrones, and Related Heterocycles. Eur. |. Org. Chem. 2017, 32, 4827-4835.

Matos, M.J.; Delogu, G.; Podda, G.; Santana, L.; Uriarte, E. Regioselective synthesis of bromo-substituted 3-arylcoumarins.
Synthesis 2010, 16, 2763-2766.

Matos, M.].; Gaspar, A.; Borges, F.; Uriarte, E.; Santana, L. Improved Synthesis of 3-(Aminoaryl)coumarins. Org. Prep. Proced.
Int. 2012, 44, 522-526.

Taksande, K.; Borse, D.S.; Lokhande, P. Facile Metal-Free Synthesis of 3-Aryl-4-Substituted Coumarins from O-Hydroxy
Carbonyl Compounds. Synth. Commun. 2010, 40, 2284-2290.

Sashidhara, K.V.; Palnati, G.R.; Avula, S.R.; Kumar, A. Efficient and General Synthesis of 3-Aryl Coumarins Using Cyanuric
Chloride. Synlett 2012, 23, 611-621.

Augustine, ] K.; Bombrun, A.; Ramappa, B.; Boodappa, C. An efficient one-pot synthesis of coumarins mediated by
propylphosphonic anhydride (T3P) via the Perkin condensation. Tetrahedron Lett. 2012, 53, 4422-4425.

Rahmani-Nezhad, S.; Khosravani, L.; Saeedi, M.; Divsalar, K.; Firoozpour, L.; Pourshojaei, Y.; Sarrafi, Y.; Nadri, H.; Moradi, A.;
Mahdavi, M.; et al. Synthesis and Evaluation of Coumarin-Resveratrol Hybrids as 15-Lipoxygenase Inhibitors. Synth. Commun.
2015, 45, 741-749.

Phakhodee, W.; Duangkamol, C.; Yamano, D.; Pattarawarapan, M. PhsP/I>-Mediated Synthesis of 3-Aryl-Substituted and 3,4-
Disubstituted Coumarins. Synlett 2017, 28, 825-830.

Hu, Y.; Wang, B,; Yang, J.; Liu, T,; Sun, J.; Wang, X. Synthesis and biological evaluation of 3-arylcoumarin derivatives as
potential anti-diabetic agents. |. Enzym. Inhib. Med. Chem. 2019, 34, 15-30.

Prabhala, P.; Savanur, H.M.; Sutar, S.M.; Malunavar, S.S.; Kalkhambkar, R.G.; Laali, K.K. Facile one-pot synthetic access to
libraries of diversely substituted 3-aryl (alkyl)-coumarins using ionic liquid (IL) or conventional base/solvent, and an IL-
mediated approach to novel coumarin-bearing diaryl-ethynes. Tetrahedron Lett. 2020, 61, 151854.

Hwang, L-T.; Lee, S.-A.; Hwang, J.-S.; Lee, K.-I. A Facile Synthesis of Highly Functionalized 4-Arylcoumarins via Kostanecki
Reactions Mediated by DBU. Molecules 2011, 16, 6313-6321.

Sripathi, S.K.; Logeeswari, K. Synthesis of 3-arylcoumarin derivatives using ultrasound. Int. . Org. Chem. 2013, 3, 42-47.
Kumar, S.; Makrandi, ].K. An efficient one pot synthesis of 3-phenyl and 3-naphthylcoumarins using microwave irradiations.
Heterocycl. Lett. 2012, 2, 162-166.

Svinyarov, I.; Bogdanov, M.G. One-pot synthesis and radical scavenging activity of novel polyhydroxylated 3-arylcoumarins.
Eur. . Med. Chem. 2014, 78, 198-206.

Wet-osot, S.; Duangkamol, C.; Phakhodee, W.; Pattarawarapan, M. Ultrasound-Assisted Solvent-Free Parallel Synthesis of 3-
Arylcoumarins Using N-Acylbenzotriazoles. ACS Comb. Sci. 2016, 18, 279-282.

Li, C; Zhu, H.; Zhang, H.; Yang, Y.; Wang, F. Synthesis of 2H-chromenones from salicylaldehydes and arylacetonitriles.
Molecules 2017, 22, 1197.



Molecules 2021, 26, 6755 29 of 34

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Wu, X.F.; Wu, L,; Jackstell, R.; Neumann, H.; Beller, M. A general palladium-catalyzed carbonylative synthesis of chromenones
from salicylic aldehydes and benzyl chlorides. Chem. Eur. J. 2013, 19, 12245-12248.

Yadav, V.K; Srivastava, V.P.; Yadav, L.D.S. Pd-catalysed carbonylative annulation of salicylaldehydes with benzyl chlorides
using N-formylsaccharin as a CO surrogate. New ]. Chem. 2018, 42, 16281-16286.

Liu, J.; Zhang, X.; Shi, L.; Liu, M.; Yue, Y.; Li, F.; Zhuo, K. Base-promoted synthesis of coumarins from salicylaldehydes and
aryl-substituted 1,1-dibromo-1-alkenes under transition-metal-free conditions. Chem. Commun. 2014, 50, 9887-9890.

Zeng, H.; Li, C.]. A Complete Switch of the Directional Selectivity in the Annulation of 2-Hydroxybenzaldehydes with Alkynes.
Angew. Chem.-Int. Edit. 2014, 53, 13862-13865.

Jiang, Y.; Chen, W.; Lu, W. Synthesis of 3-arylcoumarins through N-heterocyclic carbene catalyzed condensation and annulation
of 2-chloro-2-arylacetaldehydes with salicylaldehydes. Tetrahedron 2013, 69, 3669-3676.

Cheng, Y.; Zhang, P.; Jia, Y.; Fang, Z.; Li, P. Organocatalytic condensation-ring opening—annulation cascade reactions between
N-Bocindolin-2-ones/benzofuran-2(3H)-ones and salicylaldehydes for synthesis of 3-arylcoumarins. Org. Biomol. Chem. 2017,
15, 7505-7508.

Pochampalli, J.; Mandala, D.; Doddji, B.; Nalla, U. Synthesis and characterization of some novel coumarin based pyrazoles,
isoxazole and pyrimidyl derivatives. ]. Pharm. Res. 2012, 5, 1957-1962.

Zhu, F,; Li, Y.; Wang, Z.; Wu, X.F. Iridium-Catalyzed Carbonylative Synthesis of Chromenones from Simple Phenols and
Internal Alkynes at Atmospheric Pressure. Angew. Chem. Int. Ed. 2016, 55, 14151-14154.

Chandrasekhar, A.; Ramkumar, V.; Sankararaman, S. Highly Selective and Modular Synthesis of 3-Aryl-4-(arylethynyl)-2H-
chromen-2-ones from 2-Iodoaryl 2-Arylacetates through a Carbonylative Sonogashira Coupling—Intramolecular Aldol Cascade
Reaction. Eur. . Org. Chem. 2016, 23, 4041-4049.

Kim, S.; Kang, D.; Lee, C.H.; Lee, P.H. Synthesis of Substituted Coumarins via Brensted Acid Mediated Condensation of Allenes
with Substituted Phenols or Anisoles. J. Org. Chem. 2012, 77, 6530-6537.

Qian, H.; Sun, J. Synthesis of Coumarins via [4 + 2] Cyclization of Siloxy Alkynes and Salicylaldehydes. Synlett 2021, 32, 207-
210.

Nakai, K; Kurahashi, T.; Matsubara, S. Nickel-Catalyzed Cycloaddition of o-Arylcarboxybenzonitriles and Alkynes via
Cleavage of Two Carbon-Carbon o Bonds. J. Am. Chem. Soc. 2011, 133, 11066—11068.

Zhou, Z.Z.; Yan, G.H.; Chen, W.H.; Yang, X.M. Microwave-assisted efficient synthesis of 2-hydroxydeoxybenzoins from the
alkali degradation of readily prepared 3-aryl-4-hydroxycoumarins in water. Chem. Pharm. Bull. 2013, 61, 1166-1172.

Dao, P.D.Q.; Ho, S.L.; Lim, H.J.; Cho, C.S. Microwave-Assisted Cyclization under Mildly Basic Conditions: Synthesis of 6H-
Benzo[c]chromen-6-ones and Their 7,8,9,10-Tetrahydro Analogues. J. Org. Chem. 2018, 83, 4140-4146.

Zhao, Y.; Han, F.; Yang, L.; Xia, C. Access to coumarins by rhodium-catalyzed oxidative annulation of aryl thiocarbamates with
internal alkynes. Org. Lett. 2015, 17, 1477-1480.

Li, J.; Chen, H.; Zhang-Negrerie, D.; Du, Y.; Zhao, K. Synthesis of coumarins via PIDA/I>-mediated oxidative cyclization of
substituted phenylacrylic acids. RSC Adv. 2013, 3, 4311-4320.

Wang, S.; Xi, C. Nickel-Catalyzed Arylative Carboxylation of Alkynes with Arylmagnesium Reagents and Carbon Dioxide
Leading to Trisubstituted Acrylic Acids. Org. Lett. 2018, 20, 4131-4134.

Ge, H.Y,; Fang, Z.].; Qian, B.H. Synthesis of 3-arylcoumarins by FeCl3-promoted cyclization of ortho-methoxy-substituted (E)-
2,3-diphenylpropenoic acids or their methyl esters. Chem. Heterocycl. Compd. 2014, 50, 12-18.

Sukriye, N.K.E.S.; Ozen, F.; Koran, K.; Yilmaz, I.; Gorgulu, A.O.; Erdemir, S. Coumarin Based Highly Selective “off-on-off” Type
Novel Fluorescent Sensor for Cu?* and 5* in Aqueous Solution. J. Fluoresc. 2017, 27, 463-471.

Jing, H.; Aloysius, E.; Wei, F.; Jin-Hui, X.; Yu, Z.; Jie, W. Visible-Light-Driven Alkyne Hydro-/Carbocarboxylation Using CO2
via Iridium/Cobalt Dual Catalysis for Divergent Heterocycle Synthesis. J. Am. Chem. Soc. 2018, 140, 5257-5263.

Yoshida, H.; Ito, Y.; Ohshita, ]J. Three-component coupling using arynes and DMEF: Straightforward access to coumarins via
ortho-quinone methides. Chem. Commun. 2011, 47, 8512-8514.

Ragupathi, A.; Sagadevan, A.; Charpe, V.P; Lin, C.C.; Hwu, ]J.R.; Hwang, K.C. Visible-light-driven copper-catalyzed aerobic
oxidative cascade cyclization of N-tosylhydrazones and terminal alkynes: Regioselective synthesis of 3-arylcoumarins. Chem.
Commun. 2019, 55, 5151-5154.

Luo, W.E; Ye, LW,; Li, L.; Qian, P.C. Regio- and diastereoselective synthesis of trans-3,4-diaryldihydrocoumarins via metal-
free [4 + 2] annulation of ynamides with o-hydroxybenzyl alcohols. Chem. Commun. 2021, 57, 5032-5035.

Aydiner, B.; Yalcin, E.; Korkmaz, V.; Seferoglu, Z. Efficient one-pot three-component method for the synthesis of highly
fluorescent coumarin-containing 3,5-disubstituted-2,6-dicyanoaniline derivatives under microwave irradiation. Synth.
Commun. 2017, 47, 2174-2188.

Pu, W.C; Mu, G.M.; Zhang, G.L.; Wang, C. Copper-catalyzed decarboxylative intramolecular C-O coupling: Synthesis of 2-
arylbenzofuran from 3-arylcoumarin. RSC Adv. 2014, 4, 903-906.

Huang, X,; Liu, J.; Sheng, J.; Song, X.; Du, Z.; Li, M.; Zhang, X.; Zou, Y. Decarboxylation of a,3-unsaturated aromatic lactones:
Synthesis of E-ortho-hydroxystilbenes from 3-arylcoumarins or isoaurones. Green Chem. 2018, 20, 804-808.

Patel, J.J.; Laars, M.; Gan, W.; Board, J.; Kitching, M.O.; Snieckus, V. Directed Remote Lateral Metalation: Highly Substituted 2-
Naphthols and BINOLs by In Situ Generation of a Directing Group. Angew. Chem. Int. Edit. 2018, 57, 9425-9429.

Jie, Y.; Pingping, Z.; Yuheng, H.; Teng, L.; Jie, S.; Xiaojing, W. Synthesis and biological evaluation of 3-arylcoumarins as potential
anti-Alzheimer’s disease agents. J. Enzym. Inhib. Med. Chem. 2019, 34, 651-656.



Molecules 2021, 26, 6755 30 of 34

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Hu, Y.H;; Yang, J.; Zhang, Y.; Liu, K.C; Liu, T; Sun, J.; Wang, X.J. Synthesis and biological evaluation of 3-(4-aminophenyl)-
coumarin derivatives as potential anti-Alzheimer’s disease agents. |. Enzym. Inhib. Med. Chem. 2019, 34, 1083-1092.

Vina, D.; Matos, M.].; Yanez, M.; Santana, L.; Uriarte, E. 3-Substituted coumarins as dual inhibitors of AChE and MAO for the
treatment of Alzheimer’s disease. Med. Chem. Commun. 2012, 3, 213-218.

Alves de Souza, G.; John da Silva, S.; Martins Cardoso, C.; Nora Castro, R.; Sant’Anna, C.M.R.; Eugen Kiimmerle, A. Discovery
of novel dual-active 3-(4-(dimethylamino)phenyl)-7-aminoalcoxy-coumarin as potent and selective acetylcholinesterase
inhibitor and antioxidant. |. Enzym. Inhib. Med. Chem. 2019, 34, 631-637.

Fernandez-Bachiller, M.I.; Horatscheck, A.; Lisurek, M.; Rademann, J. Alzheimer’s Disease: Identification and Development of
[-Secretase (BACE-1) Binding Fragments and Inhibitors by Dynamic Ligation Screening (DLS). ChemMedChem 2013, 8, 1041-
1056.

Tarozzi, A.; Bartolini, M.; Piazzi, L.; Valgimigli, L.; Amorati, R.; Bolondi, C.; Djemil, A.; Mancini, F.; Andrisano, V.; Rampa, A.
From the dual function lead AP2238 to AP2469, a multi-target-directed ligand for the treatment of Alzheimer’s disease.
Pharmacol. Res. Perspect. 2014, 2, e00023.

Montanari, S.; Bartolini, M.; Neviani, P.; Belluti, F.; Gobbi, S.; Pruccoli, L.; Tarozzi, A.; Falchi, F.; Andrisano, V.; Miszta, P.; et al.
Multitarget Strategy to Address Alzheimer’s Disease: Design, Synthesis, Biological Evaluation, and Computational Studies of
Coumarin-Based Derivatives. ChemMedChem 2016, 11, 1296-1308.

Abdshahzadeh, H.; Golshani, M.; Nadri, H.; Saberi Kia, I.; Abdolahi, Z.; Forootanfar, H.; Ameri, A.; Tueylue, K.T.; Ayazgok, B.;
Jalili-Baleh, L.; et al. 3-aryl coumarin derivatives bearing aminoalkoxy moiety as multi-target-directed ligands against
Alzheimer’s disease. Chem. Biodivers. 2019, 16, e1800436.

Jalili-Baleh, L.; Forootanfar, H.; Tiiylii Kigilikkiling, T.; Nadri, H.; Abdolahi, Z.; Ameri, A.; Jafari, M.; Ayazgok, B.; Baeeri, M.;
Mahban Rahimifard, M.; et al. Design, synthesis and evaluation of novel multi-target-directed ligands for treatment of
Alzheimer’s disease based on coumarin and lipoic acid scaffolds. Eur. J. Med. Chem. 2018, 152, 600-614.

Theodosis-Nobelos, P.; Papagiouvannis, G.; Tziona, P.; Rekka, E.A. Lipoic acid. Kinetics and pluripotent biological properties
and derivatives. Mol. Biol. Rep. 2021, 48, 6539-6550.

Wang, ZM.; Li, XM.; Xue, G.M.; Xu, W.; Wang, X.B.; Kong, L.Y. Synthesis and evaluation of 6-substituted 3-arylcoumarin
derivatives as multifunctional acetylcholinesterase/monoamine oxidase B dual inhibitors for the treatment of Alzheimer’s
disease. RSC Adv. 2015, 5, 104122-104137.

Matos, M.].; Teran, C.; Pérez-Castillo, Y.; Uriarte, E.; Santana, L.; Vifia, D. Synthesis and Study of a Series of 3-Arylcoumarins
as Potent and Selective Monoamine Oxidase B Inhibitors. J. Med. Chem. 2011, 54, 7127-7137.

Vifia, D.; Matos, M.].; Ferino, G.; Cadoni, E.; Laguna, R.; Borges, F.; Uriarte, E.; Santana, L. 8-Substituted 3-Arylcoumarins as
Potent and Selective MAO-B Inhibitors: Synthesis, Pharmacological Evaluation, and Docking Studies. ChemMedChem 2012, 7,
464-470.

Matos, M.].; Vina, D.; Janeiro, P.; Borges, F.; Santana, L.; Uriarte, E. New halogenated 3-phenylcoumarins as potent and selective
MAO-B inhibitors. Bioorg. Med. Chem. Lett. 2010, 20, 5157-5160.

Matos, M.].; Vazquez-Rodriguez, S.; Uriarte, E.; Santana, L.; Vifia, D. MAO inhibitory activity modulation: 3-Phenylcoumarins
versus 3-benzoylcoumarins. Bioorg. Med. Chem. Lett. 2011, 21, 4224-4227.

Matos, M.J.; Vilar, S.; Garcia-Morales, V.; Tatonetti, N.P.; Uriarte, E.; Santana, L.; Vifia, D. Insight into the Functional and
Structural Properties of 3-Arylcoumarin as an Interesting Scaffold in Monoamine Oxidase B Inhibition. ChemMedChem 2014, 9,
1488-1500.

Serra, S.; Ferino, G.; Matos, M.J.; Vazquez-Rodriguez, S.; Delogu, G.; Vifia, D.; Cadoni, E.; Santana, L.; Uriarte, E.
Hydroxycoumarins as selective MAO-B inhibitors. Bioorg. Med. Chem. Lett. 2012, 22, 258-261.

Delogu, G.L.; Serra, S.; Quezada, E.; Uriarte, E.; Vilar, S.; Tatonetti, N.P.; Vifia, D. Monoamine Oxidase (MAO) Inhibitory
Activity: 3-Phenylcoumarins versus 4-Hydroxy-3-phenylcoumarins. ChemMedChem 2014, 9, 1672-1676.

Fernandes, C.; Martins, C.; Fonseca, A.; Nunes, R.; Matos, M.].; Silva, R.; Otero-Espinar, F.J.; Uriarte, E.; Borges, F. PEGylated
PLGA Nanoparticles as a Smart Carrier to Increase the Cellular Uptake of a Coumarin-Based Monoamine Oxidase B Inhibitor.
ACS Appl. Mater. Interfaces 2018, 10, 39557-39569.

Lan, J.S.; Pan, L.F,; Xie, S.S.; Wang, X.B.; Kong, L.Y. Synthesis and evaluation of 6-methylcoumarin derivatives as potent and
selective Monoamine Oxidase B inhibitors. Med. Chem. Commun. 2015, 6, 592—-600.

Rauhamaki, S.; Postila, P.A.; Niinivehmas, S.; Kortet, S.; Schildt, E.; Pasanen, M.; Manivannan, E.; Ahinko, M.; Koskimies, P.;
Nyberg, N.; et al. Structure-activity relationship analysis of 3-phenylcoumarin-based monoamine oxidase B inhibitors. Front.
Chem. 2018, 6, 41.

Mertens, M.D.; Hinz, S.; Miiller, C.E.; Giitschow, M. Alkynyl-coumarinyl ethers as MAO-B inhibitors. Bioorg. Med. Chem. 2014,
22,1916-1928.

Musa, M.A,; Badisa, V.L.D.; Aghimien, M.O.; Eyunni, S.V.K; Latinwo, L.M. Identification of 7,8-dihydroxy-3-phenylcoumarin
as a reversible monoamine oxidase enzyme inhibitor. J. Biochem. Mol. Toxicol. 2021, 35, €22651.

Matos, M.].; Rodriguez-Enriquez, F.; Vilar, S.; Santana, L.; Uriarte, E.; Hripcsak, G.; Estrada, M.; Rodriguez-Franco, M.L; Vina,
D. Potent and selective MAO-B inhibitory activity: Amino- versus nitro-3-arylcoumarin derivatives. Bioorg. Med. Chem. Lett.
2015, 25, 642-648.



Molecules 2021, 26, 6755 31 of 34

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Sashidhara, K.V.; Modukuri, R.K,; Jadiya, P.; Bhaskara Rao, K.; Sharma, T.; Haque, R.; Kumar Singh, D.; Banerjee, D.; Siddiqi,
M.IL; Nazir, A. Discovery of 3-Arylcoumarin-tetracyclic Tacrine Hybrids as Multifunctional Agents against Parkinson’s Disease.
ACS Med. Chem. Lett. 2014, 5, 1099-1103.

Mellado, M.; Mella, J.; Gonzalez, C.; Vina, D.; Uriarte, E.; Matos, M.]. 3-Arylcoumarins as highly potent and selective
monoamine oxidase B inhibitors: Which chemical features matter? Bioorg. Chem. 2020, 101, 103964.

Soufi, W.; Merad, M.; Lebbad, F.; Ghalem, S.; Hacene, F.B. Interaction of monoamine oxidase-B with a series of coumarin by
molecular modeling methods. Asian J. Chem. 2016, 28, 634—638.

Morales Helguera, A.; Pérez-Garrido, A.; Gaspar, A,; Reis, J.; Cagide, F.; Vifia, D.; Cordeiro, M.N.; Borges, F. Combining QSAR
classification models for predictive modeling of human monoamine oxidase inhibitors. Eur. ]. Med. Chem. 2013, 59C, 75-90.
Giulio, F.; Cadoni, E.; Matos, M.].; Quezada, E.; Uriarte, E.; Santana, L.; Vilar, S.; Tatonetti, N.P.; Yafiez, M.; Vina, D.; et al. MAO
Inhibitory Activity of 2-Arylbenzofurans versus 3-Arylcoumarins: Synthesis, in vitro Study, and Docking Calculations.
ChemMedChem 2013, 8, 956-966.

Andrade, M.F.; Kabeya, L.M.; Bortot, L.O.; dos Santos, G.B.; Santos, E.O.L.; Albiero, L.R.; Figueiredo-Rinhel, A.S.G.; Carvalho,
C.A.; Azzolini, A.E.C.S.; Caliri, A.; et al. The 3-phenylcoumarin derivative 6,7-dihydroxy-3-[3’,4’-methylenedioxyphenyl]-
coumarin down-modulates the FcyR- and CR-mediated oxidative metabolism and elastase release in human neutrophils:
Possible mechanisms underlying inhibition of the formation and release of neutrophil extracellular traps. Free Radic. Biol. Med.
2018, 115, 421-435.

Pu, W.; Lin, Y.; Zhang, J.; Wang, F.; Wang, C.; Zhang, G. 3-Arylcoumarins: Synthesis and potent anti-inflammatory activity.
Bioorg. Med. Chem. Lett. 2014, 24, 5432-5434.

Roussaki, M.; Zelianaios, K.; Kavetsou, E.; Hamilakis, S.; Hadjipavlou-Litina, D.; Kontogiorgis, C.; Liargkova, T.; Detsi, A.
Structural modifications of coumarin derivatives: Determination of antioxidant and lipoxygenase (LOX) inhibitory activity.
Bioorg. Med. Chem. 2014, 22, 6586—-6594.

Kavetsou, E.; Katopodi, A.; Argyri, L.; Chainoglou, E.; Pontiki, E.; Hadjipavlou-Litina, D.; Chroni, A.; Detsi, A. Novel 3-aryl-5-
substituted-coumarin analogues: Synthesis and bioactivity profile. Drug Dev. Res. 2020, 81, 456—469.

Dharavath, R.; Nagaraju, N.; Reddy, M.R.; Ashok, D.; Sarasija, M.; Vijjulatha, M.; Vani, T.; Jyothi, K.; Prashanthi, G. Microwave-
assisted synthesis, biological evaluation and molecular docking studies of new coumarin-based 1,2,3-triazoles. RSC Adv. 2020,
10, 11615-11623.

Rodriguez, S.A.; Nazareno, M.A.; Baumgartner, M.T. Effect of different C3-aryl substituents on the Antioxidant activity of 4-
hydroxycoumarin derivatives. Bioorg. Med. Chem. 2011, 19, 6233-6238.

Matos, M.J.; Pérez-Cruz, F.; Vazquez-Rodriguez, S.; Uriarte, E.; Santana, L.; Borges, F.; Olea-Azar, C. Remarkable antioxidant
properties of a series of hydroxy-3-arylcoumarins. Bioorg. Med. Chem. 2013, 2, 3900-3906.

Matos, M.J.; Mura, F.; Vazquez-Rodriguez, S.; Borges, F.; Santana, L.; Uriarte, E.; Olea-Azar, C. Study of coumarin-resveratrol
hybrids as potent antioxidant compounds. Molecules 2015, 20, 3290-3308.

Nolan, K.A.; Scott, K.A.; Barnes, J.; Doncaster, J.; Whitehead, R.C.; Stratford, L]. Pharmacological inhibitors of NAD(P)H
quinone oxidoreductase, NQO1: Structure/activity relationships and functional activity in tumour cells. Nolan. Biochem.
Pharmacol. 2010, 80, 977-981.

Scott, K.A.; Barnes, J.; Whitehead, R.C; Stratford, 1.].; Nolan, K.A. Inhibitors of NQO1: Identification of compounds more potent
than dicoumarol without associated off-target effects. Biochem. Pharmacol. 2011, 81, 355-363.

Erzincan, P.; Sagan, M.T.; Yiice-Dursun, B.; Danis, O.; Demir, S.; Erdem, S.S.; Ogan, A. QSAR models for antioxidant activity of
new coumarin derivatives. SAR QSAR Environ. Res. 2015, 26, 721-737.

Quezada, E.; Delogu, G.; Picciau, C.; Santana, L.; Podda, G.; Borges, F.; Garcia-Morales, V.; Vifia, D.; Orallo, F. Synthesis and
Vasorelaxant and Platelet Antiaggregatory Activities of a New Series of 6-Halo-3-phenylcoumarins. Molecules 2010, 15, 270-279.
Singh, L.R.; Kumar, A.; Upadhyay, A.; Gupta, S.; Palanati, G.R.; Sikka, K.; Siddiqi, M.I,; Yadav, P.N.; Sashidhara, K.V. Discovery
of coumarin-dihydroquinazolinone analogs as niacin receptor 1 agonist with in-vivo anti-obesity efficacy. Eur. |. Med. Chem.
2018, 152, 208-222.

Matos, M.].; Vazquez-Rodriguez, S.; Santana, L.; Uriarte, E.; Fuentes-Edfuf, C.; Santos, Y.; Mufioz-Crego, A. Synthesis and
Structure-Activity Relationships of Novel Amino/Nitro Substituted 3-Arylcoumarins as Antibacterial Agents. Molecules 2013,
18, 1394-1404.

Sovari, S.N.; Vojnovic, S.; Bogojevic, S.S.; Crochet, A.; Pavic, A.; Nikodinovic-Runic, J.; Zobi, F. Design, synthesis and in vivo
evaluation of 3-arylcoumarin derivatives of rhenium(I) tricarbonyl complexes as potent antibacterial agents against methicillin-
resistant Staphylococcus aureus (MRSA). Eur. ]. Med. Chem. 2020, 205, 112533.

Dwivedi, P.K.; Pathak, A.; Malairajan, P.; Chaturvedi, D. Design, synthesis and antimicrobial evaluations of novel 3,7-
disubstituted 2H-1-benzopyran-2-ones. Asian . Chem. 2020, 32, 2397-2402.

Mandala, D.; Valeru, A.; Pochampalli, J.; Vankadari, S.R.; Gatla, R.; Thampu, R. Synthesis, antimicrobial activity, and molecular
modeling of novel 4-(3-(4-benzylpiperazin-1-yl)propoxy)-7-methoxy-3-substituted phenyl-2H-chromen-2-one. Med. Chem. Res.
2013, 22, 5481-5489.

Giri, RR; Lad, H.B.; Bhila, V.G,; Patel, C.V.; Brahmbhatt, D.I. Modified Pyridine-Substituted Coumarins: A New Class of
Antimicrobial and Antitubercular Agents. Synth. Commun. 2015, 45, 363-375.

Olmedo, D.; Sancho, R.; Bedoya, L.M.; Lopez-Perez, ].L.; Del Olmo, E.; Munoz, E.; Alcami, J.; Gupta, M.P.; San Feliciano, A. 3-
Phenylcoumarins as Inhibitors of HIV-1 Replication. Molecules 2012, 17, 9245-9257.



Molecules 2021, 26, 6755 32 of 34

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Ong, E.B.B.; Watanabe, N.; Saito, A.; Futamura, Y.; Abd El Galil, K.H.; Koito, A.; Najimudin, N.; Osada, H. Vipirinin, a
Coumarin-based HIV-1 Vpr Inhibitor, Interacts with a Hydrophobic Region of VPR. J. Biol. Chem. 2011, 286, 14049-14056.
Pérez-Cruz, F.; Serra, S.; Delogu, G.; Lapier, M.; Maya, ].D.; Olea-Azar, C.; Santana, L.; Uriarte, E. Antitrypanosomal and
antioxidant properties of 4-hydroxycoumarins derivatives. Bioorg. Med. Chem. Lett. 2012, 22, 5569-5573.

Robledo-O'Ryan, N.; Matos, M.].; Vazquez-Rodriguez, S.; Santana, L.; Uriarte, E.; Moncada-Basualto, M.; Mura, F.; Lapier, M.;
Maya, J.D.; Olea-Azar, C. Synthesis, antioxidant and antichagasic properties of a selected series of hydroxy-3-arylcoumarins.
Bioorg. Med. Chem. 2017, 25, 621-632.

Xiao, C.F.; Tao, L.Y.; Sun, H.Yi.; Wei, W.; Chen, Y.; Fu, LW.; Zou, Y. Design, synthesis and antitumor activity of a series of novel
coumarin-stilbenes hybrids, the 3-arylcoumarins. Chin. Chem. Lett. 2010, 21, 1295-1298.

Musa, M.A,; Badisa, V.L.D.; Latinwo, LM.; Cooperwood, J.; Sinclair, A.; Abdullah, A. Cytotoxic activity of new
acetoxycoumarin derivatives in cancer cell lines. Anticancer Res. 2011, 31, 2017-2022.

Yang, J.; Liu, G.Y,; Dai, F.; Cao, X.Y.; Kang, Y.F.; Hu, LM,; Tang, ].].; Li, X.Z,; Li, Y.; Jin, X.L.; et al. Synthesis and biological
evaluation of hydroxylated 3-phenylcoumarins as antioxidants and antiproliferative agents. Bioorg. Med. Chem. Lett. 2011, 21,
6420-6425.

Serra, S.; Chicca, A.; Delogu, G.; Vazquez-Rodriguez, S.; Santana, L.; Uriarte, E.; Casu, L.; Gertsch, J. Synthesis and cytotoxic
activity of non-naturally substituted 4-oxycoumarin derivatives. Bioorg. Med. Chem. Lett. 2012, 22, 5791-5794.

Tsyganov, D.V.; Chernysheva, N.B.; Salamandra, L.K.; Konyushkin, L.D.; Atamanenko, O.P.; Semenova, M.N.; Semenov, V.V.
Synthesis of Polyalkoxy-3-(4-Methoxyphenyl)Coumarins with Antimitotic Activity from Plant Allylpolyalkoxybenzenes.
Mendeleev Commun. 2013, 23, 147-149.

Sail, V.; Hadden, M.K. Identification of Small Molecule Hes1 Modulators as Potential Anticancer Chemotherapeutics. Cherm.
Biol. Drug Des. 2013, 81, 334-342.

Musa, M.A.; Gbadebo, A.].; Latinwo, L.M.; Badisa, V.L.D. 7,8-Dihydroxy-3-(4-nitrophenyl)coumarin induces cell death via
reactive oxygen species-independent S-phase cell arrest. . Biochem. Mol. Toxicol. 2018, 32, 794-801.

Musa, M.A,; Latinwo, LM.; Virgile, C,; Badisa, V.L.D.; Gbadebo, A.]J. Synthesis and in vitro evaluation of 3-(4-
nitrophenyl)coumarin derivatives in tumor cell lines. Bioorg. Chem. 2015, 58, 96-103.

LiHong, W.; GuoJing, Q.; YuanDi, G.; Le, S.; Qing, Y.F.].; BaoXiang, Z.; JunYing, M. A small molecule targeting glutathione
activates Nrf2 and inhibits cancer cell growth through promoting Keap-1 S-glutathionylation and inducing apoptosis. RSC Adv.
2018, 8, 792-804.

Zou, H,; Jiang, H.; Zhou, ].Y.; Zhu, Y.; Cao, L.; Xia, P.; Zhang, Q. Synthesis of 3-(4-hydroxyphenyl)-4-methyl-6-methoxy-7-
hydroxycoumarin and its analogues as angiogenesis inhibitors. . Chin. Pharm. Sci. 2010, 19, 136-140.

Yang, L.; Hu, Z; Luo, J; Tang, C.; Zhang, S.; Ning, W.; Dong, C.; Huang, J.; Liu, X.; Zhou, H.B. Dual functional small molecule
fluorescent probes for image-guided estrogen receptor-specific targeting coupled potent antiproliferative potency for breast
cancer therapy. Bioorg. Med. Chem. 2017, 25, 3531-3539.

Musa, M.A.; Badisa, V.L.D.; Latinwo, L.M.; Waryoba, C.; Ugochukwu, N. In vitro cytotoxicity of benzopyranone derivatives
with basic side chain against human lung cell lines. Anticancer Res. 2010, 30, 4613-4618.

Musa, M.A.; Cooperwood, J.S.; Khan, M.O.F.; Rahman, T. In-vitro antiproliferative activity of benzopyranone derivatives in
comparison with standard chemotherapeutic drugs. Arch. Pharm. 2011, 344, 102-110.

Chen, H.; Li, S; Yao, Y.; Zhou, L.; Zhao, J.; Gu, Y.; Wang, K; Li, X. Design, synthesis, and anti-tumor activities of novel
triphenylethylene-coumarin hybrids, and their interactions with Ct-DNA. Bioorg. Med. Chem. Lett. 2013, 23, 4785-4789.

Zhao, L.; Yao, Y.; Li, S.; Lv, M.; Chen, H.; Li, X. Cytotoxicity and DNA binding property of triphenylethylene-coumarin hybrids
with two amino side chains. Bioorg. Med. Chem. Lett. 2014, 24, 900-904.

Tan, G.; Yao, Y.; Gu, Y.; Li, S;; Lv, M;; Wang, K.; Chen, H.; Li, X. Cytotoxicity and DNA binding property of the dimers of
triphenylethylene-coumarin hybrid with one amino side chain. Bioorg. Med. Chem. Lett. 2014, 24, 2825-2830.

Zhu, M.; Zhou, L.; Yao, Y.; Li, S.; Lv, M.; Wang, K,; Li, X,; Chen, H. Anticancer activity and DNA binding property of the dimers
of triphenylethylene-coumarin hybrid with two amino side chains. Med. Chem. Res. 2015, 24, 2314-2324.

Cui, N.; Lin, D.D.; Shen, Y.; Shi, ].G.; Wang, B.; Zhao, M.Z.; Zheng, L.; Chen, H.; Shi, J.H. Triphenylethylene-Coumarin Hybrid
TCH-5¢ Suppresses Tumorigenic Progression in Breast Cancer Mainly Through the Inhibition of Angiogenesis. Anticancer
Agents Med. Chem. 2019, 19, 1253-1261.

Luo, G.; Chen, M,; Lyu, W.; Zhao, R.; Xu, Q.; You, Q.; Xiang, H. Design, synthesis, biological evaluation and molecular docking
studies of novel 3-aryl-4-anilino-2H-chromen-2-one derivatives targeting ERa as anti-breast cancer agents. Bioorg. Med. Chem.
Lett. 2017, 27, 2668-2673.

Luo, G; Li, X,; Zang, G.; Wu, C,; Tang, Z.; Liu, L.; You, Q.; Xiang, H. Novel SERMs based on 3-aryl-4-aryloxy-2H-chromen-2-
one skeleton—A possible way to dual ERa/VEGFR-2 ligands for treatment of breast cancer. Eur. ]. Med. Chem. 2017, 140, 252—
273.

Luo, G.; Muyaba, M.; Lyu, W.; Tang, Z.; Zhao, R.; Xu, Q.; You, Q.; Xiang, H. Design, synthesis and biological evaluation of novel
3-substituted 4-anilino-coumarin derivatives as antitumor agents. Bioorg. Med. Chem. Lett. 2017, 27, 867-874.

Hussain, M.K.; Ansari, M.I; Yadav, N.; Gupta, P.K,; Gupta, A.K,; Saxena, R.; Fatima, I.; Manohar, M.; Kushwaha, P.; Khedgikar,
V.; et al. Design and synthesis of ERa/ERp selective coumarin and chromene derivatives as potential anti-breast cancer and
anti-osteoporotic agents. RSC Adv. 2014, 4, 8828-8845.



Molecules 2021, 26, 6755 33 of 34

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Shen, W.; Mao, J.; Sun, J.; Sun, M.; Zhang, C. Synthesis and biological evaluation of resveratrol-coumarin hybrid compounds as
potential antitumor agents. Med. Chem. Res. 2013, 22, 1630-1640.

You, L.; An, R;; Wang, X.; Li, Y. Discovery of novel osthole derivatives as potential anti-breast cancer treatment. Bioorg. Med.
Chem. Lett. 2010, 20, 7426-7428.

Sashidhara, K.V.; Avula, S.R.; Sharma, K.; Palnati, G.R.; Bathula, S.R. Discovery of coumarin-monastrol hybrid as potential
antibreast tumor-specific agent. Eur. |. Med. Chem. 2013, 60, 120-127.

Stanway, S.; Purohit, A.; Woo, L.W.L,; Sufi, S.; Vigushin, D.; Ward, R.; Wilson, R.; Stanczyk, F.Z.; Dobbs, N.; Kulinskaya, E.; et
al. Phase I study of STX 64 (667 Coumate) in Breast Cancer Patients: The First Study of a Steroid Sulphatase Inhibitor. Clin.
Cancer Res. 2006, 12, 1585-1592.

Demkowicz, S.; Dasko, M.; Kozak, W.; Krawczyk, K.; Witt, D.; Mastyk, M.; Kubinski, K.; Rachon, J. Synthesis and Biological
Evaluation of Fluorinated 3-Phenylcoumarin-7-O-Sulfamate Derivatives as Steroid Sulfatase Inhibitors. Chem. Biol. Drug Des.
2016, 87, 233-238.

Dasko, M.; Maslyk, M.; Kubinski, K.; Aszyk, J.; Rachon, J.; Demkowicz, S. Synthesis and steroid sulfatase inhibitory activities of
N-phosphorylated 3-(4-aminophenyl)-coumarin-7-O-sulfamates. Med. Chem. Commun. 2016, 7, 1146-1150.

Dasko, M.; Demkowicz, S.; Biernacki, K.; Harrous, A.; Rachon, J.; Kozak, W.; Martyna, A.; Maslyk, M.; Kubinski, K,;
Boguszewska-Czubara, A. Novel steroid sulfatase inhibitors based on N-thiophosphorylated 3-(4-aminophenyl)-coumarin-7-
O-sulfamates. Drug Dev. Res. 2019, 80, 857-866.

Dasko, M.; Przybytowska, M.; Rachon, J.; Mastyk, M.; Kubinski, K.; Misiak, M.; Sktadanowski, A.; Demkowicz, S. Synthesis and
biological evaluation of fluorinated N-benzoyl and N-phenylacetoyl derivatives of 3-(4-aminophenyl)-coumarin-7-O-sulfamate
as steroid sulfatase inhibitors. Eur. ]. Med. Chem. 2017, 128, 79-87.

Niinivehmas, S.; Postila, P.A.; Rauhamaiki, S.; Manivannan, E.; Kortet, S.; Ahinko, M.; Huuskonen, P.; Nyberg, N.; Koskimies,
P.; Latti, S.; et al. Blocking oestradiol synthesis pathways with potent and selective coumarin derivatives. J. Enzym. Inhib. Med.
Chem. 2018, 33, 743-754.

Matos, M.J.; Santana, L.; Uriarte, E.; Delogu, G.; Corda, M.; Fadda, M.B.; Era, B.; Fais, A. New halogenated phenylcoumarins as
tyrosinase inhibitors. Bioorg. Med. Chem. Lett. 2011, 21, 3342-3345.

Matos, M.J.; Varela, C; Vilar, S.; Hripcsak, G.; Borges, F.; Santana, L.; Uriarte, E.; Fais, A.; Di Petrillo, A.; Pintus, F.; et al. Design
and discovery of tyrosinase inhibitors based on a coumarin scaffold. RSC Adv. 2015, 5, 94227-94235.

Fais, A.; Era, B.; Asthana, S.; Sogos, V.; Medda, R.; Santana, L.; Uriarte, E.; Matos, M.].; Delogu, F.; Kumar, A. Coumarin
derivatives as promising xanthine oxidase inhibitors. Int. ]. Biol. Macromol. 2018, 120A, 1286-1293.

Era, B.; Delogu, G.L.; Pintus, F.; Fais, A.; Gatto, G.; Uriarte, E.; Borges, F.; Kumar, A.; Matos, M.]. Looking for new xanthine
oxidase inhibitors: 3-Phenylcoumarins versus 2-phenylbenzofurans. Int. . Biol. Macromol. 2020, 162, 774-780.

Alparslan, M.M.; Darus, O. In Vitro Inhibition of Human Placental Glutathione S-Transferase by 3-Arylcoumarin Derivatives.
Arch. Pharm. 2015, 348, 635-642.

Lalehan, O.; Ozkan, D.; Basak, Y.D.; Serap, D.; Cihan, G.; Ayse, O. Investigation of HMG-CoA reductase inhibitory and
antioxidant effects of various hydroxycoumarin derivatives. Arch. Pharm. 2020, 353, 1900378.

Sashidhara, K.V.; Rao, K.B.; Sonkar, R.; Modukuri, R.K.; Chhonker, Y.S.; Kushwaha, P.; Chandasana, H.; Khanna, A.K.; Bhatta,
R.S.; Bhatia, G.; et al. Hybrids of coumarin-indole: Design, synthesis and biological evaluation in Triton WR-1339 and high-fat
diet induced hyperlipidemic rat models. Med. Chem. Commun. 2016, 7, 1858-1869.

Rullo, M.; Niso, M.; Pisani, L.; Carrieri, A.; Altomare, C.D. 1,2,3,4-Tetrahydroisoquinoline/2H-chromen-2-one conjugates as
nanomolar P-glycoprotein inhibitors: Molecular determinants for affinity and selectivity over multidrug resistance associated
protein 1. Eur. J. Med. Chem. 2019, 161, 433-444.

Fan, J.; Kuang, Y.; Dong, Z.; Yi, Y.; Zhou, Y.; Li, B.; Qiao, X.; Ye, M. Prenylated Phenolic Compounds from the Aerial Parts of
Glycyrrhiza uralensis as PTP1B and a-Glucosidase Inhibitors. . Nat. Prod. 2020, 83, 814-824.

Gupta, M.K,; Kumar, S.; Chaudhary, S. Synthesis and Investigation of Antidiabetic Response of New Coumarin Derivatives
Against Streptozotocin Induced Diabetes in Experimental Rats. Pharma. Chem. ]. 2020, 12, 1122-1127.

De Souza Santos, M.; Freire de Morais del Lama, M.P.; Deliberto, L.A.; da Silva Emery, F.; Tallarico, P.; Zumstein, M.; Georgetto
Naal, R.M. In situ screening of 3-arylcoumarin derivatives reveals new inhibitors of mast cell degranulation. Arch. Pharm. Res.
2013, 36, 731-738.

Matos, M.].; Hogger, V.; Gaspar, A.; Kachler, S.; Borges, F.; Uriarte, E.; Santana, L.; Klotz, K.N. Synthesis and adenosine receptors
binding affinities of a series of 3-arylcoumarins. J. Pharm. Pharmacol. 2013, 65, 1590-1597.

Matos, M.].; Vilar, S.; Kachler, S.; Fonseca, A.; Santana, L.; Uriarte, E.; Borges, F.; Tatonetti, N.P.; Klotz, K.N. Insight into the
Interactions between Novel Coumarin Derivatives and Human As Adenosine Receptors. ChemMedChem 2014, 9, 2245-2253.
Matos, M.].; Vilar, S.; Vazquez-Rodriguez, S.; Kachler, S.; Klotz, K.N.; Buccioni, M.; Delogu, G.; Santana, L.; Uriarte, E.; Borges,
F. Structure-Based Optimization of Coumarin hA3 Adenosine Receptor Antagonists. . Med. Chem. 2020, 63, 2577-2587.
Sashidhara, K.V.; Kumar, A.; Chatterjee, M.; Kumar Verma, A.; Palit, G. Discovery and synthesis of novel 3-phenylcoumarin
derivatives as antidepressant agents. Bioorg. Med. Chem. Lett. 2011, 21, 1937-1941.

Sashidhara, K.V.; Rao, K.B.; Singh, S.; Modukuri, R.K.; Teja, G.A.; Chandasana, H.; Shukla, S.; Bhatta, R.S. Synthesis and
evaluation of new 3-phenylcoumarin derivatives as potential antidepressant agents. Bioorg. Med. Chem. Lett. 2014, 24, 4876-4880.



Molecules 2021, 26, 6755 34 of 34

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Sashidhara, K.V.; Modukuri, RK.; Bhaskara, RK.; Gupta, S.; Singh, S.; Aruna, T.G.; Shukla, S. Design and synthesis of new
series of coumarin-aminopyran derivatives possessing potential anti-depressant-like activity. Bioorg. Med. Chem. Lett. 2015, 25,
337-341.

Cambray, S.; Bandyopadhyay, A.; Gao, J. Fluorogenic diazaborine formation of semicarbazide with designed coumarin
derivatives. Chem. Commun. 2017, 53, 12532-12535.

Meimetis, L.G.; Carlson, J.C.T.; Giedt, R.J.; Kohler, R.H.; Weissleder, R. Ultrafluorogenic Coumarin-Tetrazine Probes for Real-
Time Biological Imaging. Angew. Chem. Int. Edit. 2014, 53, 7531-7534.

Zhang, B.; Xu, L.; Zhou, Y.; Zhang, W.; Wang, Y.; Zhu, Y. Synthesis and activity of a coumarin-based fluorescent probe for
hydroxyl radical detection. Luminescence 2020, 35, 305-311.

Kaya, E.N.; Yuksel, F.; Ozpinar, G.A.; Bulut, M.; Durmus, M. 7-Oxy-3-(3,4,5-trimethoxyphenyl)coumarin substituted
phthalonitrile derivatives as fluorescent sensors for detection of Fe** ions: Experimental and theoretical study. Sens. Actuators B
Chem. 2014, 194, 377-388.

Elmas, S.N.K,; Sukriye, N.; Ozen, F.; Koran, K.; Gorgulu, A.O.; Sadi, G.; Yilmaz, I.; Erdemir, S. Selective and sensitive fluorescent
and colorimetric chemosensor for detection of COs2 anions in aqueous solution and living cells. Talanta 2018, 188, 614-622.
Lee, D.N,; Bae, S.; Han, K.; Shin, L.S.; Kim, S.K.; Hong, J.I. Electrostatic Modification for Promotion of Flavin-Mediated Oxidation
of a Probe for Flavin Detection. Chem. Eur. ]. 2017, 23, 16078-16084.

Lee, D.N.; Kim, E.; Lee, ].H.; Kim, ].S.; Kang, C.; Hong, ].I. Flavin-mediated photo-oxidation for the detection of mitochondrial
flavins. Chem. Commun. 2016, 52, 13487-13490.

Wang, C.; Wu, C.; Zhu, J.; Miller, R.H.; Wang, Y. Design, Synthesis, and Evaluation of Coumarin-Based Molecular Probes for
Imaging of Myelination. J. Med. Chem. 2011, 54, 2331-2340.

Oshikawa, Y.; Furuta, K.; Tanaka, S.; Ojida, A. Cell Surface-Anchored Fluorescent Probe Capable of Real-Time Imaging of Single
Mast Cell Degranulation Based on Histamine-Induced Coordination Displacement. Anal. Chem. 2016, 88, 1526-1529.

Yang, Z.; He, Y.; Lee, ].H.; Park, N.; Suh, M.; Chae, W.S; Cao, J.; Peng, X.; Jung, H.; Kang, C.; et al. A Self-Calibrating Bipartite
Viscosity Sensor for Mitochondria. J. Am. Chem. Soc. 2013, 135, 9181-9185.

Hanthorn, J.J.; Haidasz, E.; Gebhardt, P.; Pratt, D.A. A versatile fluorescence approach to kinetic studies of hydrocarbon
autoxidations and their inhibition by radical-trapping Antioxidants. Chem. Commun. 2012, 48, 10141-10143.

Ali, M.; Dondaine, L.; Adolle, A.; Sampaio, C.; Chotard, F.; Richard, P.; Denat, F.; Bettaieb, A.; Le Gendre, P.; Laurens, V.; et al.
Anticancer Agents: Does a Phosphonium Behave Like a Gold(I) Phosphine Complex? Let a “Smart” Probe Answer. ]. Med.
Chem. 2015, 58, 4521-4528.

Zhang, Y.; Xu, Y.; Tan, S.; Xu, L.; Qian, X. Rapid and sensitive fluorescent probes for monoamine oxidases B to A at low
concentrations. Tetrahedron Lett. 2012, 53, 6881-6884.

Zhang, H.; Liu, X,; Gong, Y.; Yu, T.; Zhao, Y. Synthesis and characterization of SFX-based coumarin derivatives for OLEDs. Dye.
Pigm. 2021, 185, Part_A, 108969.

Galeta, J.; Dzijak, O.].; Dracinsky, M.; Vrabel, M. A Systematic Study of Coumarin-Tetrazine Light-Up Probes for Bioorthogonal
Fluorescence Imaging. Chem. Eur. ]. 2020, 26, 9945-9953.

Ong, ].X,; Pang, V.Y.T.; Tng, L.M.; Ang, W.H. Pre-Assembled Coumarin-Rhodamine Scaffold for Ratiometric Sensing of Nitric
Oxide and Hypochlorite. Chem. Eur. ]. 2018, 24, 1870-1876.

Ye, D.; Wang, L.; Li, H.; Zhou, J.; Cao, D. Synthesis of coumarin-containing conjugated polymer for naked-eye detection of DNA
and cellular imaging. Sens. Actuators B Chem. 2013, 181, 234-243.



